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ABSTRACT 


Studies  of  the  stress  corrosion  cracking  of  alpha  brass  were 
undertaken  in  order  to  determine  the  reason  for  the  apparent  specificity 
of  ammonia  as  the  agent  responsible  for  cracking  failures.  No  cracking 
was  found  to  occur  in  stressed  wire  samples  exposed  to  controlled  dry 
gaseous  atmospheres  of  NH3  alone,  and  in  combination  with  O2,  C02;  or 
air;  or  in  NH3  saturated  with  water  vapor  at  room  temperature  in  com¬ 
bination  with  O2  or  air. 

The  black  tarnish  formed  as  a  byproduct  during  the  stress  cor¬ 
rosion  cracking  of  brass  in  coppe r -ammonia  solutions  was  definitely 
identified  as  C112O  by  X-ray  diffraction  and  polarographic  analysis. 

Spectrophotometric  and  polarographic  studies  on  aqueous  ammonia 
solutions  in  the  pH  range  5.0  -  8.0  showed  that  intergranular  stress  cor¬ 
rosion  cracking  of  brass  could  be  correlated  with  h,  the  average  number 
of  ammonia  ligands  per  copper  ion  originally  present  in  solution  as  the 
divalent  copper(II) -ammine  complex,  Cu(NH3)n  ;  the  most  rapid  cracking 

occurred  when  n  was  1.5  -  3.0;  the  cracking  time  increased  exponentially 

"Hh 

with  decreasing  initial  concentration  of  Cu(NH3)n.  The  temperature  de¬ 
pendence  (15  -  65°C)  of  the  cracking  time  was  not  of  the  Arrhenius  type. 

It  was  also  shown  that  cracking  could  take  place  in  other  com- 


plexing  reagents  not  containing  ammonia,  vi  z.  , 


citrate  and  tartrate  solutions. 


A  surface  energy  mechanism  for  the  intergranular  stress 
corrosion  cracking  of  brass  has  been  proposed.  Surface  energy 
lowering  is  attributed  to  the  adsorption  of  the  copper(I) -diammine 
complex  which  is  formed  by  reduction  of  the  copper(II)  complexes 
initially  present  in  solution;  the  reduction  is  facilitated  by  the 
simultaneous  oxidation  of  zinc  especially  at  grain  boundaries;  the 
oxidized  zinc  ions  are  replaced  by  copper(I) -diammine  complexes. 

A  literature  survey  of  stress  corrosion  cracking  in  all 
alloys  systems  (with  an  emphasis  on  brass)  is  included. 
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INTRODUCTION 

Of  the  many  phenomena  that  cause  the  deterioration  or  destruc¬ 
tion  of  engineering  materials,  one  of  the  most  intriguing  is  stress  cor¬ 
rosion  cracking,  the  rapid,  often  catastrophic  failure  of  metals  or  alloys 
under  the  influence  of  a  unique  combination  of  tensile  stress  and  chemi¬ 
cal  environment.  The  practical  aspects  of  this  problem  have  caused 
concern  for  many  years,  and  although  the  incidence  of  stress  corrosion 
fracture  is  not  high,  the  severity  of  individual  failures  has  made  its  pre¬ 
vention  a  prime  objective  in  those  industries  using  susceptible  materials. 

Apart  from  the  obvious  practical  problems  of  stress  corrosion 
cracking,  its  study  is  of  fundamental  interest  since  it  involves  a  unique 
interplay  of  surface  chemistry,  electrochemistry  and  metallurgy.  None 
of  the  many  investigations  that  have  been  carried  out  in  these  various 
disciplines  has  led  to  a  theory  or  mechanism  which  would  successfully 
encompass<:all known  forms  of  stress  corrosion  cracking,  and  indeed,  it 
may  well  be  that  no  single  theory  can  accomplish  this  feat.  However, 
there  are  some  common  features  in  all  of  the  known  stress  corrosion 
cracking  systems,  and  many  of  these  have  been  studied  in  detail.  One 
facet  of  the  problem  has  not  received  much  attention:  the  specific  nature 
of  the  chemical  species  causing  cracking  (with  the  possibility  of  specific 
adsorption  leading  to  reduction  of  the  surface  free  energy  of  the  solid 


surface)  has,  with  the  exception  of  a  few  recent  instances,  received  only- 


passing  mention.  The  purpose  of  the  present  work  was,  in  general,  to 
shed  some  light  on  the  mechanism  of  stress  corrosion  cracking  through 
the  specific  study  of  the  chemical  reactions  at  the  surface  of  alpha  brass 
during  stress  corrosion  cracking. 


Historically,  the  'season  cracking'  of  various  forms  of  brass 

and  bronze  has  always  been  a  problem  in  the  brass  industry,  but  the  first 

literature  specifically  devoted  to  this  type  of  failure  appeared  in  the  early 

part  of  this  century^^^  especially  following  a  series  of  failures  of 

(4-9) 

brass  bolts,  cartridge  cases,  and  condenser  tubes.  These  failures 

prompted  a  "Topical  Discussion  on  Season  and  Corrosion  Cracking  of 


Brass"  sponsored  by  the  A.S.T.M. 


(10) 


In  1944,  the  A.S.T.M.  and 


A.I.M.E.  co-sponsored  a  symposium  on  stress  corrosion  cracking,  and 
for  the  first  time  a  considerable  amount  of  .time  was.  devoted  to  the  failure 
of  other  than  copper-base  alloys^  ^  The  widespread  interest  in  the 
newer  alloys,  many  of  which  were  developed  as  war  materials,  gave 
further  impetus  to  stress  corrosion  research,  with  more  and  more 
emphasis  being  given  to  the  mechanisms  of  the  process.  These  studies 
culminated  in  two  other  symposia,  the  first  arranged  by  the  Electro¬ 
chemical  Society  in  1954,^  and  the  second  by  the  A.  I.  M.  E.  in  1959.  ^ 


More  recently,  stress  corrosion  cracking  has  been  given  special  consider 

.  .  -  ( 14)  ( 1 5 )  ( 1 6) 

ation  at  several  international  corrosion  conferences.' 
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Apart  from  the  proceedings  of  the  various  symposia,  several  other 
publications  serve  as  valuable  references:  Waber  and  McDonald's 
"Stress  Corrosion  Cracking  of  Mild  Steel",  1  theA.S.T.M.  special 
report  on  stress  corrosion  cracking  of  austenitic  chromium-nickel 
stainless  steels,  four  recent  Russian  texts,  one  of  which^2^ 

gives  a  good  survey  of  the  whole  field  of  stress  corrosion  cracking; 

Bailey's  excellent  review  on  the  stress  cracking  of  brass;^^  and  Rask's 
bibliography  of  stress  corrosion  in  copper  and  copper  alloys,  w^cj1 

alone  contains  over  six  hundred  references. 

Before  considering  some  of  the  known  facts  about  stress  corrosion 
cracking,  it  is  necessary  to  define  the  scope  of  the  problem.  We  are 
considering  here  the  unexpected  or  sudden  failure  of  a  metal  or  alloy 
that  is  subjected  to  a  static  tensile  stress,  and  is  in  the  presence  of  a 
unique  chemical  environment.  This  definition  excludes  such  problems 
as  corrosion  fatigue,  fire  cracking,  and  creep  at  elevated  temperatures. 

It  also  does  not  include  embrittlement  by  liquid  metals,  although  certain 
similarities  between  liquid  metal  embrittlement  and  stress  corrosion 
cracking  will  be  pointed  out  later.  The  type  of  failure  which  is  generally 
known  as  hydrogen  embrittlement  will  also  be  excluded  arbitrarily  from 
the  discussions,  although  some  reference  will  be  made  to  the  failure  of 
steels  in  aqueous  sulfide  media,  since  this  appears  to  be  a  borderline 
example  of  stress  corrosion  cracking. 


n  »  o  se  s»*i  b„B  jnMrtafttitdms  teiem  biupiJ  naawloef 
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It  should  also  be  noted  that  although  this  review  of  stress 
corrosion  cracking  will  emphasize  failures  of  brass,  an  attempt  will  be 
made  to  include  significant  work  in  the  many  other  alloy  systems  in  which 
stress  corrosion  cracking  has  been  observed.  Table  I,  part  of  which 
first  appeared  in  the  classic  paper  of  Mears,  Brown  and  Dix^^  shows 
the  ubiquity  of  the  problem,  although  many  of  the  failures  listed  can  be 
prevented  by  slightly  altering  the  composition  ranges  or  thermal  treat¬ 
ment  of  the  alloy.  Thus,  the  appearance  of  a  particular  combination  of 
alloy  and  environment  in  Table  I  does  not  necessarily  mean  that  the  com¬ 
bination  is  contraindicated  in  practice;  rather,  the  list  should  be  regarded 
as  a  survey  of  the  attempts  of  investigators  to  more  clearly  delineate  the 
worst  possible  conditions  that  can  cause  stress  corrosion  cracking. 

The  fact  that  stress  corrosion  cracking  has  always  had  a  dele¬ 
terious  effect  on  materials  seems  to  have  led  most  people  to  ove  rlook 

the  possibility  that  this  phenomenon  may  eventually  be  put  to  constructive 

(163) 

use.  Rostoker  et  al.  have  made  some  imaginative  suggestions  for 

uses  of  liquid  metal  embrittlement  which  could  also  be  applied  to  aqueous 
stress  cracking  systems;  it  is  also  conceivable  that  if  the  reduction  of 
surface  energy  by  specific  adsorption  plays  an  important  role  in  stress 
cracking  systems,  one  could  devise  more  effective  methods  for  estimating 
the  surface  energy  of  vsolids.  Wherever  industrial  applications  require 
the  fracture  of  a  solid  (e.g.  ,  in  the  impact  drilling  of  hard  geological 
formation)  any  chemical  environment  that  would  promote  cracking  would 


be  extremely  useful. 


* 1 •' 


T  abl  e  I 


A  List  of  Observed  Stress  Corrosion  Cracking  Systems 


Alloy 


Environment 


R  eference 


Aluminum  Base 
A1  -  Zn 
Al-Mg 
Al-Mg 
Al-Cu-Mg 
Al-Mg  -Zn 


A1  - Zn-Cu 

Al-Zn-Mg-Mn  ^ 
Al-Zn-Mg-Cu-Mn  j 
Al-Cu-Mg-Mn 


Al-Cu 

Al-Cu 

Al-Mg 


Air 

NaCl  +  H202 ,  NaCl  solutions;  air 
Sea  water 

NaCl,  NaCl  +  s°luti°ns 

Sea  water 

NaCl  +  solution 

NaCl  +  H2C>2  solution 

NaCl,  NaCl  +NaHC03,  KC1,  MgCl2, 

CaCL ,  NH  Cl,  CoCl0  solutions 
Z 3  4  5  Z 


1 


j 


25 

26 

27 

26 

28 

24 

29 

66 


Magnesium  Base 
Mg^Al 


Mg-Al  -  Zn-Mn 


Mg 


a)  HNO3,  NaOH,  HF  solutions 

b)  Distilled  water 

a)  NaCl  +  H2C>2  solution 

b)  Coastal  atmos.  ;  NaCl  +  K2CrO^  solution 

c)  Moist  air  +  S02  +  C02 
KHF2  solution 


31 

65 

24 

30 

31 
65 


Copper  Base 

Cu-Zn 

Cu-Zn-Sn 

Cu-Zn-Pb 

\ 

1 

NH^  vapors  and  solutions 

Cu-Sn-P 

S 

Cone.  NH4OH 

Cu-  Zn 

Amines 

Cu -Zn-Ni 

Cu-Sn 

\ 

j 

NH  3  vapors  and  solutions 

Cu-Sn-P 

Cu-As 

1 

j 

Air 

> 

Cu-P,  -As 

-Sb, 

-Ni,  -Al, 

-Si,  -Zn, 

'"Moist  NH^  atmos. 

C  u-Si-Mn 

> 

Cu-Zn-Si 

W  ater  V  apor 

Cu-Zn-Sn- 

Mn 

Water 

32 

33 

34 

35 


36,  37 


38 

39 

40 
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Alloy 


T able  I  (Cont!d) 

Environment 


Reference 


Copper  Base 

(Cont'd) 

Cu-Au 

Cu-Zn  1 

NH4OH ,  FeCl3,  HNO  3  solutions 

41 

Cu-Zn-Mn  / 

Moist  S02;  Cu(N02)2  solutions 

42 

Cu-Mn 

Moist  S02;  Cu(N02)2,  H2S04,  HC1,  1 

HNO3  solutions  J 

42 

Cu-Zn  plus  minor 
amounts  of  Al,  As, 
Be,  B,  Cd,  Co,  Au, 
Pb,  Mn,  Ni,  Pd,  Ag, 
Sr,  Tl,  Sn,  Sb,  Ba, 
Bi,  Ca,  Ce,  Cr,  Fe, 
Mg,  P,  Si,  Te,  Ti, 
Zr,  Li,  Nb,  Mo,  K, 
Se ,  Na,  S,  Ta 


> 


J 


Moist  NHo  atmos 


42 


Cu-Ni-Si 
Cu“Al  -F e 
Cu  “Be 


Moist  NHg 
Steam 
Moist  NH^ 


atmo  s 


56 

64 

179 


Iron  Base 
Mild  Steel 


Fe-Cr-C 


a) 

b) 

c) 

d) 

e) 

f) 

g) 


h) 

i) 

j  ) 

k) 

l) 

a) 

b) 

c) 

d) 


NaOH  HHNa^SiC^  43 

Ca^O^^,  NH^NO 3 ,  NaN03  solutions  44 

HCN  +  SnCl2  +  AsC12+  CHCI3  45 

Na3P04  solution  46 

Pure  NaOH  solution  47 

NH3  +  COz  +  H2S  +  HCN  102 

NaOH,  KOH  solutions;  Monoethanolamine 
solution  +  H2S  +  C02,  Fe(A102)3  +  4g 


Al 20 3  +  CaO  solution 

hno3  +  h2so4  49 

MgCl2  +  NaF  solution  50 

Anhydrous  liquid  NHg  51 

H2S  media  52,  53,  54 

FeCl^  solution  2,21 

NH4C1,  MgCl2,  (NH4)H2po4, 

Na2HP04  solutions  55 

H2S04  +  NaCl  solution  57 

NaCl  +  H202  solution,  sea  water  24 

H^S  solutions  71,  72 
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Table  1  (Cont’d) 


Alloy 

Environment 

R  efe  renc 

Iron  Base  (Cont'd) 

Fe-Ni-C 

a)  HC1  +H2SO4,  steam 

58 

b)  H^S  solutions 

71,  72 

Fe-Cr-Ni-C 

a)  NaCl  +  H2O2  solution,  sea  water 

24 

b)  H2SO4  +  CuSO^  solution 

59 

c)  MgCl^j  C0CI2,  NaCl,  BaC^  solutions 

60 

d)  CH^CH^Cl  +  water 

61 

e)  LiCl,  ZnC^,  CaC^,  NH^Cl  solutions 

62 

1)  (NH^)2  C03  solutions 
g)  NaCl,  NaF,  NaBr,  Nal,  NaH2PO^_, 
Na^PO^,  Na2SO^,  NaNO^,  Na2S03, 
NaC103,  NaC2H3C>2  solutions 

63 

67 

h)  Steam  +  chlorides 

69 

i  )  H^S  solutions 

71,  7  2 

j  )  NaCl  +  NH  NO  solution 

4  2 

NaCl  +  NaN02  solution 

70 

Nickel  Base 

Ni 

NaOH,  KOH  solutions;  Fused  NaOH 

73 

Ni-Cr-Fe 

NaOH  +  sulfide  solution,  steam 

73 

Ni-Cu 

Fused  NaOH,  H?SiF/  solution,  chromic 

73 

Ni-Cu-Al 

acid,  sulfonated  oil,  steam 

Ni~Cu 

Ni-Al 

Ni-Cr-Fe 
Ni-Cr  -F e  -Ti  > 

> 

HF  acid  vapor 

74 

Miscellaneous  Alloy 

s 

Au-Cu -Ag 

FeC^  solutions 

75 

Cu  -Au 

HNO3  +  HC1 ,  HN03,  FeCl3,  NH4OH 
solutions 

76 

Ag  -Au 
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REVIEW  OF  STRESS  CORROSION  CRACKING 


1.  STRESS 

It  has  already  been  mentioned  that  we  are  considering  static 
stresses  only,  in  order  to  exclude  cyclic  fatigue  problems.  It  was  also 
mentioned  that  the  stresses  are  tensile  in  nature;  this  was  not  meant  to 
limit  the  problem  artificially,  but  arose  from  the  fact  that  stress  cor¬ 
rosion  cracking  does  not  occur  under  conditions  of  compression^^  and, 
in  fact,  compressive  stresses  introduced  by  shot  peening  or  shot  blasting 

/op\  /  g  o  \ 

are  used  as  a  preventive  measure  .  '  Sobolev'  '  has  explored  the  nature 

of  the  stress  more  thoroughly;  his  experiments  were  carried  out  on  a 
low  carbon  steel(exposed  to  a  boiling  50%  NH4NO3  solution)  under  the 
influence  of  uni-axial  tension,  uni-axial  compression,  or  torsion.  No 
cracking  was  observed  in  the  compression  tests.  The  plane  of  failure 


in  the  torsion  specimens  was  inclined  at  45°  to  the  axis  of  the  specimen, 

/  8i) 

in  agreement  with  earlier  conclusions1  ;  that  the  failure  occurs  normal 


to  the  plane  of  maximum  tensile  stress.  Similar  torsion  results  have 

been  reported  by  Zhukov^^  for  the  cracking  of  brass  in  ammonia  vapor. 

It  has  long  been  recognized  that  the  tensile  stress  need  not  be 

(3) 

externally  applied;  as  early  as  1914,  Heyn  showed  that  cold-worked 
brass  retained  a  considerable  amount  of  internal  stress  which  could  cause 


cracking  if  the  metal  were  exposed  to  the  proper  environment.  Besides 


mechanical  working,  internal  or  'locked-up'  stresses  can  result  from 


r :i  rd;.i/otoi  J  aiorn  8 
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thermal  processes  such  as  welding,  quenching  and  shrink  fits,  and  it 
is  not  surprising  that  a  great  deal  of  attention  was  given  to  the  nature 
and  measurement  of  these  internal  stresses,  since  it  is  of  great 

practical  importance  to  anticipate  these  stresses  and  either  over-design 
the  material,  or  perform  some  thermal  stress  relieving  treatment,  if 
stress  corrosion  cracking  is  likely  to  be  a  problem. 

Although  an  increase  in  the  magnitude  of  the  stress  (applied  or 
residual)  leads  to  a  more  rapid  failure,  there  is  still  a  great  deal  of  con¬ 
tention  as  to  whether  or  not  there  exists  a  'threshold'  stress  below  which 
an  alloy  will  not  fail  within  a  long  period  of  time.  Evidence  pointing  to 

the  existence  of  a  threshold  stress  has  been  obtained  for  magnesium  alloys 

(30)  ( 32)(87) 

exposed  to  NaCl-I^CrO^  solution,  brass  in  ammonia,  '  magne 


sium- 


aluminum  alloys  in  sea  water^^  aluminum  alloys  in  sea  water  j mild 

(83)  (98) 

steel  in  boiling  NH4NO3,  and  iron-chromium  alloys  in  fresh  water. 

On  the  other  hand,  for  18Cr-8Ni  stainless  steels  exposed  to  boiling  MgCl^, 

(9  1)(92)(  108) 

no  well  defined  threshold  stress  has  been  established,  but  it 

has  been  fairly  well  established  that  the  relation  between  log  failure  time 

and  applied  stress  can  be  represented  by  two  straight  lines  which  inter- 

(204)(234) 

sect  at  about  0.  1%  of  the  proof  stress  of  the  material.  In  general, 

it  has  been  found  that  even  when  a  threshold  value  could  be  determined 


it  was  very  sensitive  to  the  metallurgical  history  of  the  specimen,  and  thus 
was  only  of  limited  value  in  predicting  an  operating  stress  below  which 
a  material  could  be  safely  used. 
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Of  more  fundamental  interest  is  the  general  influence  of  stress 

on  the  corrosion  process  at  the  surface  of  a  metal  or  alloy.  It  is  generally 

recognized  that  a  strained  metal  corrodes  more  rapidly  than  an  unstrained 

one  (a  few  apparent  exceptions  to  this  rule  are  explained  by  Evans^^j. 

Where  no  film  is  present  on  the  metal  this  accelerated  corrosion  may  be 

caused  by  the  fact  that  an  atom  in  a  disarrayed  structure  (after  straining) 

will  require  less  energy  for  dissolution  than  one  occupying  a  stable 

position;  or,  a  preferred  orientation  may  result  from  the  straining  (such 

as  occurs  in  rolling  operations)  to  expose  more  susceptible  crystal  faces; 

or,  impurities  which  are  more  soluble  may  segregate  to  the  surface  of 

the  metal  as  a  result  of  the  stress.  It  appears,  however,  that  the  most 

important  function  of  stress  (in  the  absence  of  surface  films)  is  to  induce 

compositional  heterogeneities  on  the  surface  of  the  alloy.  The  initiation 

of  transgranular  cracking  in  many  alloy  systems  has  been  shown  to  be 

(247)(249)(25  1) 

related  to  planar  groups  of  dislocations,  and  the  increased 

activity  of  slip  planes  associated  with  these  planar  arrays  has  been  var¬ 


iously  attributed  to  the  concentration  of  strain  energy  at  Cottrell-Lomer 

<248>  de- 


(249) 

barriers , 


segregation  of  solute  atoms  to  stacking  faults, 

(250) 


struction  of  short  range  order  , 

,  (247) 

the  slip  planes , 


or  segregation  and  precipitation  on 
depending  on  the  metal  or  alloy  under  consideration. 


The  important  point  is  that,  under  the  influence  of  stress,  the  dislocations 
may  cross  slip(in  metals  or  alloys  having  high  stacking  fault  energies) 


r  • 

;  t  K[ 
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to  form  cellular  tangles  of  dislocations,  or.  (in  metals  or  alloys  having 

low  stacking  fault  energies)  the  dislocations  may  remain  on  their  original 

slip  planes  to  form  planar  distributions;  as  a  rule,  transgranular  crack 

initiation  can  be  associated  with  these  planar  distributions. 

When  surface  films  exist,  the  rupture  of  these  films  will  expose 

fresh  metal  which  may  be  anodic  to  the  surrounding  film  and  thus  accelerate 

dissolution.  As  will  be  seen  in  the  discussion  of  the  various  stress 

corrosion  cracking  mechanisms,  film  rupture  may  play  an  important 

part  in  the  initiation  of  cracking. 

Stress  applied  to  a  metal  may  also  affect  the  electrochemical 

potential,  but  here  the  result  is  not  easily  predicted,  since  the  potential 

will  not  only  be  affected  by  breakdown  of  the  surface  film,  but  also  by 

(93) 

the  distribution  of  the  strain  energy.  Yang  et  al.  have  summarized 

the  studies  of  the  effect  of  elastic  strain  on  electrode  potentials,  pointing 

out  that  most  experimental  results  show  cathodic  shifts  for  metals 

(94) 

stressed  in  tension,  whereas  theoretical  considerations  '  of  the  elastic 


strain  energy  stored  in  a  metal  predict  an  anodic  shift.  More  recent 

(95)(  9  6) 


work 


has  shown  that  elastically  stressed  silver  and  steel  wires 


(in  solutions  of  AgNC>3  and  FeSO^,  respectively)  give  a  reproducible, 
reversible  cathodic  shift;  brass  wires  (stressed  in  CuSO^  solution) 
give  an  anodic  shift;  while  all  three  metals  show  an  anodic  shift  when 
stressed  in  NaCl  solutions.  These  results  have  been  tentatively  explained 
by  considering  the  dynamics  of  the  elctrical  double  layer,  but  the  original 


conflict  between  theory  and  experiment  still  remains. 


2.  COMPOSITION  OF  MATERIAL 


The  effect  of  the  addition  of  alloying  elements  to,  or  the  elim¬ 
ination  of  impurities  from,  susceptible  materials  has  been  well 
studied,  and  for  copper  alloys,  at  least,  is  well  defined.  At  the 
onset  it  should  be  noted  that  some  workers  have  flatly  stated  that  pure 
metals  are  immune  to  stress  corrosion  cracking,  (99)  ( ^^and  have 
suggested  that  stress  cracking  failure  in  a  presumably  "pure”  material 
is  simply  evidence  of  trace  impurities.  This  is  a  difficult  statement  to 
disprove,  but  there  does  not  appear  to  be  any  sound  theoretical  reason 
why  pure  metals  should  be  immune. 

Inhomogeneous  alloys,  the  situation  is  different.  For 
example,  elimination  of  impurities  (down  to  the  parts -per -billion 
range)  in  70Cu-30Zn  alloys  does  not  confer  immunity.  In  complex 

alloys  such  as  the  stainless  steels,  impurities  may  have  either 
beneficial  or  detrimental  effects,  and  each  system  must  be  considered 
independently . 

A.  FERROUS  ALLOYS 

a)  Iron  and  Low  Carbon  Steel 

The  effect  of  carbon  and  nitrogen  content  on  cracking  of  low 
carbon  steels  in  NH4NO3  or  caustic  solutions  has  been  studied  by  Wabe 
and  McDonald,  ( and  by  Parkins  ,  (  10 1 H  1  but,  whereas  Waber  and 


McDonald  came  to  the  conclusion  that  ’’free"  nitrogen  formed  a 
cor rosion- susceptible  iron  nitride  precipitate  at  the  grain  boundaries, 
Parkins  showed  that  carbon,  not  nitrogen,  is  the  important  agent,  and 
proposed  that  grain  boundary  cementite  is  responsible  for  the  suscept¬ 
ibility  to  stress  cracking.  In  summary,  his  work  showed  the  effect  of 
carbon  and  nitrogen  additions  as  follows:  at  carbon  contents  greater 
than  0.2%,  steels  did  not  fail  even  under  high  stresses,  unless  pro¬ 
longed  annealing  at  700°C  was  carried  out  prior  to  testing  (this  pre¬ 
sumably  caused  the  migration  of  carbide  to  the  grain  boundaries).  As 
the  carbon  content  was  lowered  from  0.2 %  to  0.035%  the  cracking  time 
was  fairly  short  and  constant.  A  further  decrease  in  the  carbon  content 
increased  the  resistance  to  cracking,  and  at  values  below  0.02%  (at 
which  concentration  little  or  no  grain  boundary  cementite  is  expected) 
the  steel  was  immune.  However,  some  doubt  has  been  cast  on  the 
importance  of  grain  boundary  carbides  by  Logan^^^  who  has  produced 
cracking  in  very  large -grained  decarburized  steels  in  which  the  carbon 
content  was  approximately  0.01%. 

Steel  containing  small  amounts  of  Mn,  Cr,  Mo  and  Si  cracks 
readily  in  nitrate  solutions  ,  ( 104)  but  steel  containing  Ti  or  Ni  has  been 
found  to  be  resistant.  ^ Parkins  and  Brown^10^  have  clarified  the 
effects  of  additions  of  copper,  chromium,  and  aluminum:  Copper  steels 
containing  0.29-1. 02%Cu  cracked  more  readily  than  unalloyed  steel; 
chromium  and  aluminum  steels  in  the  same  composition  range  were 


immune. 
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b)  Iron-Chromium-Nickel  Alloys 
Although  Table  I  lists  many  environments  in  which  the  alloy 
steels  have  been  known  to  fail  by  stress  cracking,  by  far  the  greatest 
amount  of  work  in  recent  years  has  been  devoted  to  the  trans granular 
cracking  of  the  austenitic  stainless  steels  in  chloride  solutions  (the 
most  common  testing  medium  being  a  boiling  42%  MgCl^  solution). 

The  effect  of  composition  on  the  cracking  of  polycrystalline  austenitic 
stainless  steels  is  best  summarized  in  recent  papers  by  Uhlig  and 
White,  ("^8)  yan  Rooyen,(^9)  phelps  and  Mears^^  and  Lang.^^^ 
Special  attention  has  been  given  to  the  nickel  content  of  ferrous  alloys 
by  Copson.  ^  ^ ^  A  comprehensive  survey  (with  special  attention 

paid  to  the  Russian  literature)  of  the  corrosion  resistance  of  Fe-Cr, 
Fe-Cr-Ni  and  Ni  alloys  is  included  in  the  book  by  Shvartz  and  Kristal.^1^ 
The  general  effect  of  the  main  alloying  elements,  chromium 
and  nickel,  although  influenced  considerably  by  trace  elements,  can  be 
summarized  as  follows:  the  ferritic  stainless  steels  (Fe-Cr  alloys)  are 
resistant  to  trans  granular  cracking  in  chloride  solutions.  Martensitic 
stainless  steels  exposed  to  chloride  environments  have  been  found 
resistant  according  to  Scheil,^0^  but  Shvartz^55^  has  obtained  opposite 
results.  Martensitic  steels  that  have  been  heat-treated  to  very  high 
strength  levels  have  been  found  susceptible  to  relatively  mild  coastal 
atmospheres,^1^  but  in  general  the  martensitic  steels  are  quite 
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susceptible  to  cracking  in  acid  media,  especially  if  traces  of  arsenic, 
selenium  or  hydrogen  sulfide  are  present;  this  has  been  a  serious 
problem  in  the  oil  industry,  as  is  reflected  by  the  literature .  ^  ?)(  H 8) 

In  the  austenitic  stainless  steels,  both  inter c rystalline  and 
trans  crystalline  modes  of  cracking  have  been  found,  but  since  inter  ¬ 
crystalline  cracking  is  associated  with  carbide  precipitates  at  grain 
boundaries  and  thus  can  be  prevented  by  control  of  carbon  content  or  by 
heat  treatment,  more  attention  has  been  given  to  the  unsolved  problem 
of  transgranular  cracking  in  chloride  solutions. 

The  beneficial  influence  of  increasing  nickel  content  in  alloys 
of  the  18%  Cr  type  was  first  reported  by  Rocha^^^  and  has  been  con¬ 
firmed  by  other s^^H  109)(  112)(  12  1)(  122)  a^hough  the  amount  assumed 

necessary  to  confer  immunity  has  varied  from  16%  to  45%.  This 

spread  is  probably  caused  by  the  variation  in  the  amounts  of  carbon, 

nitrogen  or  silicon,  all  of  which  have  appreciable  effects  on  the  amount 

/ 108} 

of  ferrite  formed  (which  is  not  susceptible) . v  ' 

Uhlig  and  White  have  found  that  18Cr-8Ni  alloys  con¬ 

taining  0.015%  carbon  or  0.01%  nitrogen  (or  less)  were  immune, 
whereas  commercial  18Cr-8Ni  alloys  failed  in  less  than  two  hours. 
Additions  of  columbium  to  18Cr-8Ni  (with  low  carbon  and  nitrogen  con¬ 
tents)  were  detrimental,  while  titanium  had  no  effect.  Silicon,  contrary 
to  the  results  reported  by  Leu  and  Helle,^123^  was  beneficial.  Hines 
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(23Z) 

and  Jones'  '  carried  out  a  statistical  analysis  of  the  effect  of  a 
number  of  alloying  elements,  and  concluded  that  the  important  com¬ 
positional  variables  were  carbon  and  molybdenum. 

In  the  completely  austenitic  20Cr-20Ni  steels,  Uhlig  and 
White^  1^8)  f0unc}  nitrogen  to  be  detrimental,  while  carbon,  silicon, 
cobalt  and  boron  were  beneficial.  Lang's  studies  (1H)  on  the  stable 
austenitic  steels  showed  that  additions  of  nitrogen,  phosphorus,  arsenic, 
antimony,  bismuth,  ruthenium,  and  aluminum  were  detrimental; 
additions  of  carbon  and  silicon  were  beneficial;  no  significant  effect 
was  produced  by  additions  of  sulfur,  lead,  tin,  boron,  titanium,  niobium, 
zirconium,  and  cerium.  Copson^  reported  variable  effects  in  alloys 
containing  manganese.  Van  Rooyen^^^  showed  that  molybdenum 
increased  the  susceptibility.  High  nickel  alloys  (65-100%Ni)  were 
completely  immune. 

B.  COPPER  BASE  ALLOYS 

Unlike  the  stainless  steels,  the  susceptibility  of  copper  base 
binary  alloys  (in  ammonia  environments)  cannot  be  reduced  by  the 
elimination  of  impurities.  It  is  true  that  high  purity  copper  itself  has 
never  been  known  to  fail,'*^  (35)(38)(  128)  as  was  mentioned 

earlier,  a  70Cu-30Zn  alloy  prepared  from  spectroscopically  pure 
starting  materials  is  just  as  susceptible  as  commercial  brass,^^a 
fact  that  has  been  confirmed  by  several  workers  .  124)(  125)(  126) 
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Thompson  and  Tracy^^  have  compared  a  number  of  alloying 
elements  added  to  pure  copper  to  produce  susceptibility  to  cracking  in 
ammonia  environments  as  follows  (in  order  of  decreasing  cracking 
tendency):  phosphorus,  arsenic,  antimony,  silicon,  zinc,  aluminum, 
and  nickel.  Note  that  although  the  copper -zinc  alloys  crack  more 
rapidly  than  the  other  copper  alloys,  zinc  is  rated  low  because  so 
much  of  it  must  be  added  before  the  cracking  rate  increases.  Figs. 

1  and  2  comprise  a  summary  of  the  effect  of  these  elements.  In  each 
case  the  cracking  time  is  plotted  versus  the  per  cent  of  alloying  element 
for  various  stress  levels;  each  graph  also  contains  a  curve  showing 
the  corrosion  rate  of  the  same  alloy  in  the  absence  of  stress. 
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Fig.  1  Cu-Zn  alloys  in  moist  NH-  atmosphere;^^ 

%Zn  vs.  cracking  time  under  various  stresses 
(open  circles);  %Zn  vs.  corrosion  rate,  no 
stress  (solid  circles) 
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BREAKING  TIME  ---  THOUSANDS  OF  MINUTES 


%  Phosphorus 
(a) 


%  Arsenic 


%  Silicon 
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Fig*  2  Copper  alloys  in  moist  ammoniacal  atmosphere,  after 
Thompson  and  Tracy^.3^  Solid  circles,  corrosion  rate 
(no  stress)  vs.  %  alloying  element;  open  circles,  breaking 
time  under  various  stress  levels  vs.  %  alloying  element, 
a)  Cu-P,  b)Cu-As,  c)Cu-Sb,  d)Cu-Si,  e)Cu-Al,  f)  Cu-Ni 
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a)  Copper-Zinc  Alloys 

It  is  well  known  that  increasing  the  zinc  content  of  brass 
increases  the  cracking  tendency.  Fig.  1  shows  this,  but  does  not 
clearly  define  the  lower  limit  of  zinc  at  which  cracking  first  occurs. 
Other  workers  have  variously  reported  the  "safe"  limit  as  6%,^^ 
15%^2^  and  20%  Zn,^^  but  since  cracking  has  definitely  been 
observed  in  alloys  containing  as  little  as  3%  Zn,  Fig.  1  is 

assumed  to  be  reasonably  accurate.  It  should  be  noted  that  high  zinc 
alloys  of  the  o(.  or  (Xl-p  type  are  inherently  brittle  and  fail  rapidly 
(although  in  p  alloys  the  cracking  is  often  transcrystalline  rather  than 
the  intercrystalline  type  observed  inland  alloys). 

b)  Copper-Phosphorus  Alloys 

Fig.  2a  shows  the  extremely  poor  resistance  of  Cu-P  alloys, 
which  fail  rapidly  in  ammonia  environments  with  as  little  as  0.004%  P 
present.  This  is  below  the  limit  of  solid  solubility  of  phosphorus  in 
copper;  increasing  the  phosphorus  increases  the  resistance. 

The  addition  of  phosphorus  to  brass  is  reported  to  have  a 
beneficial  effect,  ^42^  12^  although  it  does  not  confer  immunity. 

c)  Copper -Arsenic  Alloys 

Cu-As  alloys  are  susceptible  over  a  very  limited  range 
(Fig.  2b).  Lynes^2^)  found  that  additions  of  arsenic  had  little  effect 
on  the  cracking  of  brass,  but  Wilson  et  al.^42^  noted  slightly  beneficial 


effects  in  some  cases. 
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d)  Copper-Antimony  Alloys 

The  susceptibility  of  Cu-Sb  alloys  is  shown  in  Fig.  2c. 

Added  to  brass  in  amounts  from  0.03-0.53%,  antimony  has  no  effect, 
(42)(129)  although  one  case  of  improved  resistance  in  a  70Cu-30Zn 
brass  containing  0.09%  Sb  has  been  reported.  ' 

e)  Copper -Silicon  Alloys 

A  distinct  minimum  appears  in  the  Cu-Si  curve  (Fig.  2d), 
with  complete  immunity  appearing  at  about  4%  Si.  Silicon  is  one  of  the 
few  elements  that  improves  the  cracking  resistance  of  brass;^^ 
leaded  silicon  brasses  are  even  more  resistant. 

f)  Copper -Aluminum  Alloys 

Fig.  2e  shows  the  results  obtained  by  Thompson  and  Tracy 
for  the  Cu-Al  alloys.  The  immunity  shown  for  Cu-5A1  is  debatable; 
Bobylev^  ^  ^  has  produced  rapid  cracking  in  alloys  containing  7%  Al. 

g)  Copper-Nickel  Alloys 

Copper-nickel  alloys  are  generally  classified  as  only  slightly 
susceptible  to  cracking.  Fig.  2f  shows  that  they  do  fail  over  a  wide 
range  of  nickel  contents,  but  after  a  relatively  long  time.  Bobylev' 
states  that  Cu-20Ni  is  immune  to  stress  corrosion  cracking  in 
ammonia,  but  does  not  report  the  length  of  time  of  exposure. 
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In  summary,  small  amounts  of  phosphorus,  arsenic,  antimony, 

silicon,  aluminum  and  nickel,  when  added  to  pure  copper,  produce 

alloys  which  are  susceptible  to  cracking  in  ammonia  environments; 

further  additions  of  the  same  alloying  elements  usually  reduce  the 

susceptibility,  and  may  confer  immunity.  Copper- zinc  alloys  are  very 

susceptible  if  the  zinc  content  is  greater  than  about  3%.  There  are  no 

elements  that  have  been  observed  to  have  an  accelerating  effect  on  the 

cracking  of  ^brass.  Under  some  circumstances  barium,  cerium, 

manganese,  tellurium,  tin,  beryllium  and  magnesium  may  have 

(42) 


beneficial  effects  if  added  to  brass. 


Elements  which  do  not  have 


any  effect  include  the  following:  cadmium,  lead,  iron,  bismuth, 
silver,  gold,  strontium,  boron,  thallium,  cobalt,  palladium, 

calcium,  titanium,  zirconium,  chromium,  lithium,  sodium,  potassium, 

,  .  .  .  n  , r  A  -1  .  (31)(33)(42)(127)(132) 

niobium,  tantalum,  molybdenum,  sulfur  and  selenium. 


C.  MAGNESIUM  ALLOYS 

One  instance  of  cracking  of  relatively  pure  magnesium  has 
been  reported,  ^5)  but  Romanov^13^  gives  four  references  to  Russian 
literature  in  which  pure  and  commercially  pure  magnesium  have  been 
shown  to  be  immune  to  stress  cracking.  Additions  of  up  to  2.5%  man¬ 
ganese,  and  manganese  plus  0.35 %  cerium  do  not  make  magnesium  sus¬ 
ceptible  in  accelerated  tests  (K^CrO^-k  NaCl  solutions),  or  to 
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industrial  atmospheres,  but  alloys  of  the  Mg-Al-Zn-Mn  type  are 
susceptible  under  these  conditions .  ^  1 3 3) 

Mg-Al  alloys,  which  are  commercially  important  because  of 
their  improved  mechanical  properties,  become  more  susceptible  to 
cracking  as  the  aluminum  content  is  increased!^  1)(  The 

resistance  of  a  Mg-5%A1  alloy  has  been  shown  to  be  dependent  on  iron 
content  by  Perryman^^  and  P  ardue  et  al^  ^  but  according  to 
Timonova^^  iron  has  no  effect.  This  point  needs  further  clarification, 
since  cracking  mechanisms  based  on  the  formation  of  an  iron -aluminum 
precipitate  have  been  proposed.  (  ^ ®) 

Mg-8%A1  alloys,  which  are  very  susceptible  to  stress 

corrosion  cracking,  have  benefited  from  additions  of  either  manganese 

or  zinc ,  ^  ^  but  not  from  simultaneous  inclusion  of  both.  Small 

amounts  of  cerium  or  tin  have  a  slightly  beneficial  effect. 

(139) 

Matthaes  has  shown  that  small  additions  of  copper  (up 

to  0.94%)  drastically  increase  the  susceptibility  of  a  magne sium  base 
alloy  containing  5.5%A1,  0.3%Mn,  1.0%Zn,  0.1%Fe  and  0.  5%Ni. 

D.  ALUMINUM  ALLOYS 

No  stress  corrosion  cracking  failures  of  commercial  or  high 
purity  aluminum  have  been  observed,  although  inte  rcry stall ine 


corrosion  in  the  absence  of  stress  is  poss 


ible.(^3)  Because  of  their 
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industrial  importance,  the  stress  corrosion  properties  of  aluminum 
alloys  containing  zinc  ,  (140)(  141)(  142)  magnesium,^^^^^^  and 
combinations  of  zinc  and  magnesium(^^(^^)  have  been  well 
evaluated. 

In  aluminum  alloys  containing  more  than  5%  magnesium, 
stress  corrosion  susceptibility  is  evident  and  increases  with 
increasing  magnesium  content,  presumably  because  of  the  formation 
of  a  susceptible  ^g-phase  (IV^A^)  at  the  grain  boundaries^ 148^  14^) 
(although  it  has  been  suggested^4^  that  magnesium,  and  not 
Mg2Al^,  is  the  segregating  constituent). 

The  additions  of  iron  or  silicon  to  aluminum-magnesium 
alloys  have  little  effect;  small  amounts  of  manganese  and  chromium 
are  beneficial;  copper  is  detrimental. 

Additions  of  zinc  to  aluminum  increase  the  susceptibility  to 
stress  corrosion  cracking;  the  maximum  "safe"  zinc  content  appears 
to  be  in  the  range  of  3  -  7%.  Zn.  Both  Perryman^^^  and  Herenguel^^^ 
have  observed  inte r crystalline  cracking  in  "non-corrosive"  atmospheres 
of  "dry"  air,  as  well  as  in  salt  solutions,  and  suggested  that  the  phen¬ 
omenon  is  due  to  a  creep  process  in  a  ductile  precipitate  formed  at 
the  grain  boundaries. 

Al-Mg-Zn  alloys  have  outstanding  mechanical  properties  but 
are  exceedingly  susceptible  to  intercrystalline  cracking,  even  in  moist 
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air.  Commercially  pure  alloys  are  more  resistant  than  rigidly  pure 
alloys.  A  number  of  wrought  Al-Mg-Zn  ternary  alloys  were  tested 
by  Chadwick  et  al;^14^  their  results  showed  that  the  susceptibility  to 
cracking  increased  with  total  Zn4-  Mg  content.  Additions  of  iron  and 
silicon  were  beneficial,  presumably  because  of  grain  refinement. 
Copper,  though  reducing  the  stress  cracking  tendency,  increased 
the  general  corrosion  susceptibility.  Chromium  produced  an  elongated 
grain  structure  and  reduced  the  cracking  tendency.  Other  workers 
have  reported  beneficial  effects  through  additions  of  zirconium, 
vanadium,  or  titanium.  ^ ^  152) 

Al-Cu  alloys  are  also  susceptible  to  stress  corrosion 
cracking,  ^6)  the  effect  of  copper  being  much  the  same  as  mag¬ 
nesium  in  that  an  intergranular  precipitate  is  formed.  The  important 
difference  is  that  whereas  the  magnesium-aluminum  precipitate  has 
been  shown  to  be  anodic  to  the  grain  bodies,  CuAl^  is  cathodic  to  the 
solid  solution;  however,  it  is  possible  that  a  narrow  zone  adjacent  to 
the  CuAl2  precipitate  is  depleted  of  copper  and  becomes  subject  to 
anodic  dissolution.  Al-Cu  alloys  containing  magnesium  and  nickel 
are  resistant  to  cracking  when  hardened,  but  lose  their  resistance  upon 

slow  cooling,  again  presumably  due  to  the  appearance  of  the  CuAl^ 

(152) 


phase. 


. 
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E.  MISCELLANEOUS  ALLOYS 

Very  few  systematic  investigations  have  been  carried  out  on 
the  influence  of  cracking  of  nickel  base  alloys,  although  several 
instances  of  stress  corrosion  cracking  in  hydrofluoric  acid  vapors 
have  been  reported.  (^4) 

Homogeneous  alloys  of  the  type  Cu-Au,  Ag-Au,  Ag-Pt,  and 
Mg-Al  have  been  studied  extensively  by  Graf.^^)  He  observed  that 
small  additions  of  soluble  alloying  elements  had  no  effect  on  the  stress 
cracking  susceptibility,  and  formulated  a  set  of  general  rules 
governing  the  cracking  susceptibility  of  homogeneous  alloys;  these 
will  be  discussed  in  the  section  on  stress  corrosion  cracking 
mechanisms . 

Instances  of  cracking  of  zirconium  and  lead  have  been 
reported  (see  Table  I),  but  no  work  has  been  done  relating  composition 


to  susceptibility. 
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3.  CHEMICAL  ENVIRONMENT 

As  was  mentioned  earlier,  one  of  the  unique  features  of 
stress  corrosion  cracking  is  the  fact  that  specific  chemical  environ¬ 
ments  are  responsible  for  the  failure  of  any  particular  alloy.  There 
is  no  chemical  that  will  cause  cracking  of  all  alloys,  and  there  are  no 
alloys  that  are  susceptible  to  all  of  the  chemicals  known  to  cause 
cracking.  It  is  therefore  necessary  to  speak  of  stress  cracking 
'systems',  e.g.,  the  stainless  steel -chloride  system,  the  brass- 
ammonia  system,  and  the  carbon  steel  -  nitrate  system.  But  even  if 
the  general  nature  of  the  environment  is  specified,  it  seems  intuitive 
that  other  chemical  parameters  (such  as  pH,  concentration,  presence 
of  redox  agents)  will  have  an  effect,  and  this  is  borne  out  by 
expe  riment . 

It  is  important  to  point  out  that  there  is  no  general  correlation 
between  the  corrosivity  of  the  solution  towards  an  unstressed  metal 
and  the  stress  corrosion  cracking  susceptibility  (for  example,  see 
Figs.  1  and  2).  It  may  be  true,  however,  that  a  particular  component 
of  the  alloy  is  subject  to  severe  corrosion  by  the  corrodent,  even  in 
the  absence  of  stress.  Such  a  possibility  has  many  ramifications: 

If,  for  example,  the  corroding  component  is  segregated  at  the  grain 
boundaries,  its  dissolution  will  lead  to  a  general  weakening  of  the 
metal  structure;  the  presence  of  a  stress  will  mechanically  aggravate 
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the  situation,  resulting  in  failure  when  the  unattacked  metal  is  unable 
to  sustain  the  applied  load.  Such  cases  are  examples  of  inter c rystalline 
corrosion,  and  must  be  distinguished  from  stress  corrosion  cracking, 
in  which  there  is  little  evidence  of  general  corrosion  in  the  absence  of 
stress . 

On  the  other  hand,  one  component  of  the  alloy  may  be 
susceptible  to  corrosion,  but  is  distributed  homogeneously  through¬ 
out  the  alloy.  Then,  if  the  effect  of  stress  is  to  induce  segregation 
(on  a  microscopic  scale)  to  specific  sites  (grain  boundaries,  stacking 
faults),  these  sites  will  be  selectively  attacked.  For  example, 

Pickering  and  Swann;  ^in  their  electron  metallographic  studies  of 
deformed  thin  films,  showed  that  a  tubular  type  of  attack  occurred  in  films 

exposed  to  cracking  solutions;  this  attack  was  initiated  at  grain 
boundaries  and  anti-phase  boundary  junctions  in  ordered  Cu-Au  alloys, 
but  at  precipitates  and  the  substructure  of  twins  in  Mg-Al  alloys. 

A.  Ferrous  Alloys 

Mild  steel  is  subject  to  stress  corrosion  cracking  in  three 
general  types  of  environments:  nitrate  solutions,  caustic  solutions 
('caustic  embrittlement')  and  solutions  where  the  cathodic  discharge 
of  hydrogen  is  possible,  leading  to  hydrogen  embrittlement  (e.  g. 

'sulfide  stress  cracking').  The  effectiveness  of  various  nitrate 
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solutions  in  producing  cracking  has  been  reviewed  and  re-examined 

r 2  i  q  \ 

by  Parkins  and  Usher'1  1 .  They  rated  the  nitrates  in  order  of 

decreasing  aggressiveness  as  follows:  NH  NO  ,  Ca(NOJ?,  LiNO., 

4  3  $  it  s 

KNOp  NaNO^,  and  also  found  that  boiling  solutions  of  Pb,  Ni,  Cd 
and  Zn  nitrates  caused  intercrystalline  cracking,  although  the  latter 
group  forms  insoluble  hydroxides  which  normally  inhibit  the  cathodic 
reaction  in  the  corrosion  of  steel.  Additions  of  oxidizing  salts,  or 
substances  which  formed  soluble  complexes  with  iron  shortened  the 
cracking  times  in  nitrate  solutions.  The  cracking  was  also  pH- 
dependent,  with  rapid  cracking  at  pH  values  below  6,  and  no  cracking 
at  high  pH  values.  McGlasson  et  a]_#(220)  found  that  additions  of 
CaCl2  to  NaNO^  solutions  decreased  the  cracking  time  as  the  weight 
ratio  CaCl^NaNO^  was  increased;  complete  immunity  was  reached 
at  a  ratio  of  4:1. 

In  the  absence  of  nitrate  ions,  cracking  of  steel  does  occur 
at  high  pH  values;  Berk  and  Waldek^1^)  have  shown  that  U-bend 
specimens  were  most  susceptible  to  cracking  in  caustic  solutions 
having  a  composition  of  15  -  30%  caustic,  at  temperatures  abo\e  200°C; 
but  a  survey  by  Schmidt  et  al.(48'  shows  that  actual  service  failures 
have  occurred  over  a  much  wider  range  of  NaOH  concentrations 
(5  -  75%),  and  at  lower  temperatures  (125°C).  Radeker  and  Grafen^222^ 
found  no  correlation  between  cracking  time  and  pH  in  caustic  solutions; 
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additions  of  MnSO^  and  MnCl^  inhibited  the  cracking. 

The  cracking  of  mild  steel  in  the  complex  chemical  mixtures 
found  in  coal  gas  liquors  has  been  discussed  by  Parkins  and  Usher (1^^) 
the  relative  effects  of  H^S  and  CO^,  (which  have  been  investigated  for 
the  stress  cracking  of  steels  used  for  oil  field  tubular  goods^^^)  are 
complicated  by  the  presence  of  cyanide  ions  which  are  capable  of 
forming  soluble  complexes  with  iron. 

/  q  I  \ 

The  cracking  of  carbon  steels  in  liquid  ammonia4  '  has  been 
shown  to  be  related  to  contamination  by  air;^^^  cracking  can  be 
prevented  by  exclusion  of  air  or  by  addition  of  more  than  0.  1% 
water. 


The  Fe-Cr-Ni  alloys  are  susceptible  in  a  number  of  environ¬ 
ments,  but  chloride  solutions  are  the  most  commonly  encountered  in 
service,  and  are  the  most  widely  used  in  testing.  Cracking  of  18Cr«8Ni 
stainless  steel  has  been  found  to  occur  in  hot  concentrated  solutions 
of  the  chlorides  of  magnesium,  calcium,  barium,  cobalt,  zinc, 
lithium,  ammonium  and  sodium,  0) (o2)(^Z3  1)  ^ut  not  in  chlorides  of 
tin,  iron,  strontium,  nickel,  chromium, or  mercury;  or  in  solutions 
of  KBr ,  NaBr,  KF ,  or  NaF^2^ .  The  data  published  by  Logan  and 
Sherman^0)  seem  to  contradict  some  of  these  findings,  but  the  results 
are  not  strictly  comparable  because  of  differences  in  test  methods, 
concentration  and  pH  of  solutions. 
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Berg  and  Henrikson'^^  attempted  to  correlate  the  effect  cf 
sodium,  calcium,  magnesium  and  lithium  chloride  solutions  with 
cracking  times  by  plotting  only  the  chloride  concentration  versus 
cracking  time,  and  found  that  for  tests  carried  out  at  100°C  and  pH  6, 
the  cracking  time  was  relatively  constant  above  a  chloride  ion  concen¬ 
tration  of  14  wt.%:  below  this  concentration  the  failure  time  was 
greatly  extended. 

Because  the  amount  of  chloride  necessary  to  produce 
cracking  is  related  to  pH,  stress  level,  oxygen  concentration  and 
temperature,  it  is  difficult  to  compare  the  reported  ’threshold'  values 
of  chloride  concentration  necessary  to  cause  cracking  within  a 
reasonable  time,  although  from  a  practical  point  of  view,  any 
cracking  at  all  is  undesirable.  Thus,  for  instance,  service  failures 
have  been  reported  for  18Cr-8Ni  stainless  steel  exposed  to  heavy 
water  containing  only  0.01  -  0.03  ppm  chloride  (at  100°C),  although 
no  cracking  could  be  produced  in  laboratory  tests  in  heavy  water  con¬ 
taining  0.  1  ppm  chloride.  results  of  Berg  and  Henrikson^^) 

give  the  erroneous  impression  that  very  high  concentrations  of  chloride 
(—  14  wt.  %)  are  required;  a  threshold  value  of  5  ppm  is  more  realistic, 
based  on  a  number  of  investigations  carried  out  at  temperatures  from 
85  -  300°C  in  solutions  having  pH  values  from  4  -  3.  (68)(226)(227){228) 

Increasing  the  pH  of  test  solutions  to  8 . 8  prevented  cracking  in  hot 

(227) 

water  (85°C)  containing  10  ppm  chloride. 
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The  cracking  which  occurred  in  solutions  of  low  chloride 
concentration  required  the  presence  of  oxygen;^  16)(226)(228)(229)  Qn 

the  other  hand,  if  the  concentration  of  oxygen  is  low,  more  chloride 
.  ,  (121)(229) 

is  required. 

Aqueous  media  containing  other  compounds  in  combination 
with  the  halide  salts  have  also  caused  cracking;  Logan  and  Sherman'*^ 
found  that  a  3.5%  NaCl-1%  NH^NO^  solution  was  especially  aggressive 
and  therefore  suited  to  accelerated  testing  of  stainless  steels.  Sidorov 
and  Ryabchenkov^^^  studied  the  cracking  of  austenitic  steel  in 
aqueous  solutions  (330°C)  of  NaOH  alone  and  in  combination  with 
NaCl,  and  found  that  both  inter-  and  transgranular  failures  occurred 
rapidly  in  solutions  of  high  NaOH  concentration  (up  to  30%),  while  the 
addition  of  NaCl  had  an  inhibiting  effect. 

The  comparative  behavior  of  stressed  austenitic  and  marten¬ 
sitic  stainless  steels  in  a  number  of  different  test  solutions  (at  room 
temperature)  was  reported  by  Phelps  and  Mears)^’ •  Whereas  annealied 
types  302  and  304  stainless  alloys  were  resistant  to  all  the  solutions 
except  boiling  42%  MgCl^,  type  410  was  also  susceptible  to  solutions 
containing  3%  NaCl+H^S,  and  3%  NaCl  4-  0.5%  acetic  acid4*H2S,  but 
was  still  more  resistant  than  a  special  12MoV  martensitic  alloy(con- 
taining  12%  Ni,  0.7%  Cr,  1%  Mo,  0.  3%  V)  which  failed  in  the  above 
solutions  and  in  solutions  containing  3%NaCl,  1 0%NaCl  4- ,  or 
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10%  F eCl^  ,  and  was  also  susceptible  to  cracking  in  molar  solutions  of 
NaF,  NaBr,  NaCl,  Nal,  NaH2PC>4,  Na2SC>4,  NaNO^  Na2S03, 

NaCl03  and  NaC2H^02.  It  has  also  been  shown^^^  that  the  cracking 
of  the  IZMoV  alloy  in  oxygen-saturated  3%  NaCl  solutions  is  dependent 
on  pH,  with  rapid  cracking  below  pH  3  (associated  with  hydrogen 
evolution),  no  cracking  above  pH  11,  and  an  intermediate  range  where 
the  cracking  mechanism  is  presumably  controlled  by  oxygen. 


B.  Copper  Base  Alloys 

It  is  strange  that  although  the  brass -ammonia  system  has  been 
studied  for  nearly  sixty  years,  relatively  little  work  has  been  done  on 
the  chemical  factors  that  affect  cracking.  It  has  long  been  recognized 
that  ammonia  will  cause  failure  in  alpha  brass,  and  as  a  result,  most 
service  failures  of  stressed  brass  parts  exposed  to  industrial  atmos¬ 
pheres  have  been  ascribed  to  traces  of  ammonia.  That  this  may  not 
necessarily  be  true  is  shown  by  the  fact  that  moist  S02  may  also  cause 
cracking ,  ^  1)(^55)  although  ThompsorJ^^  exposed  stressed  brass 

samples  to  moist  S02  for  two  years  with  no  effect.  He  also  reported 

one  instance  of  cracking  in  moist  H2S  after  a  period  of  nine  months, 

(155) 

which  is  contrary  to  Johnston's  findings  ,  and  has  not  been  sub¬ 


stantiated  by  further  work. 


Nitrogen  compounds  other  than  ammonia  have  been  studied  by- 
Rosenthal  and  Jamieson^^^,  who  found  that  cracking  occurred  in  the 
presence  of  water  vapor,  air,  and  the  vapor  of  the  following  amines: 
methylamine,  dimethylamine ,  trimethylamine ,  aniline,  ethylamine, 
diphenylamine  and  triethanolamine.  The  specimens  did  not  crack  in 
the  presence  of  diethylamine ,  trielhylamine  and  pyridine.  However, 
both  Jevons^^^  and  Morris^^^  found  pyridine  effective  in  stress 
cracking,  while  Moore  et  al.^33^  did  not  observe  cracking  in  diphenyl¬ 
amine  . 

(33) 

Moore  et  al.  also  tried  unsuccessfully  to  produce  cracking 
in  the  vapors  and  solutions  of  a  number  of  inorganic  compounds, 
including  HNC>3,  H2SC>4,  NaCl,  NaHSC>4,  Zn(N03)2  and  Cu(N03)2. 
Cracking  of  brass  cartridge  cases  stored  in  wooden  boxes  wetted  with 
dilute  H2SC>4  pickling  solutions  has  been  reported,  as  has  one 

instance  of  cracking  in  a  cadmium  plating  solution  containing  CdO, 
NaCN  and  NiSO^/1^0)  Apart  from  these  few  instances,  no  cracking  ha 
been  observed  in  non -ammoniacal  environments  until  recently,  when 
Bobylev^  ^  3  ^  proposed  that  cracking  of  brass  would  occur  in  any 
solution  which  would  react  with  the  zinc  in  the  brass.  According  to  his 
most  recent  paper^131^,  which  unfortunately  gives  no  experimental 
details,  cracking  has  been  observed  in  coppe r -complex  solutions  which 
do  not  contain  ammonia,  viz.  nitrites,  carbonates,  pyropho sphate s  and 


alkalies.  He  has  also  observed  cracking  of  brass  in  air  containing  SO^? 
and  nitrogen  oxides.  In  all  of  these  media  pure  zinc  shows  a  high 
general  corrosion  rate. 

Since  most  of  the  published  work  has  dealt  with  ammoniacal 
environments,  it  is  important  to  review  other  pertinent  details.  The 
first  of  these  is  the  presence  of  moisture.  It  is  generally  agreed  that 
dry  ammonia  gas  will  not  cause  cracking.  Johnston^^^^  exposed 
stressed  brass  specimens  to  dry  ammonia  gas  for  over  14  months 
without  the  appearance  of  a  tarnish  or  any  cracks. 

The  effect  of  oxygen  or  air  is  not  as  clearly  defined,  although 
it  appears  that  the  substitution  of  gases  other  than  air  (N2,  H2,  CH^) 
greatly  increases  the  time  to  cracking  in  a  moist  ammoniacal  atmos  - 
phere  .  ^  ^ Skorchelletti  and  Titova^ ,  investigating  the  effect  of 
oxygen  concentration  on  samples  partially  immersed  in  ammonia 
solutions,  found  that  the  failure  time  was  not  significantly  changed  if  the 
atmosphere  above  the  solution  was  pure  oxygen,  air,  or  hydrogen 
containing  0.5%  O^.  More  significantly,  they  found  that  the  addition  of 
small  quantities  of  a  surfactant  (propionic  acid)  sharply  decreased  the 
time  to  failure;  further  additions  (above  0.005M)  increased  the  failure 
time . 


Carbon  dioxide  has  been  variously  reported  as  accelerating 
(  1  64)  nrpvpntina  if  a  1  fnapfhp  r  ^  ^  ^  _ 


the  cracking  process 


or  preventing  it  altogether 


! 


Cracking  time,  hou 


Fig.  3  Effect  of  pH  on  cracking  of  brass  in  copper-ammonia 
solutions  (Cu  —  0.05M,  total  NH^~  1.0M),  after 
Mattsson^  ^8) 

The  most  significant  work  on  the  chemistry  of  the  brass- 
ammonia  system  was  reported  by  Mattsson^ wj10  foun(^  that 
the  cracking  time  and  type  of  cracking  were  related  to  the  pH  of  the 
test  solutions,  which  initially  contained  dissolved  copper  as  well  as 
ammonia.  Fig.  3,  which  summarizes  the  main  points  of  his  work,  show 
that  the  cracking  times  in  brass -ammonia  solutions  were  most  rapid  in 
the  pH  range  7.0  -  7.3;  the  cracking  was  predominantly  transgranular 
in  the  pH  ranges  3.9  -  5.7  and  7.8  -  1 1 .  Z  ,  and  mainly  intergranular 
in  the  pH  range  6.3  -  7.7.  Unfortunately,  the  solutions  used  in 
obtaining  the  cracking  times  shown  in  Fig.  3  did  not  all  have  the  same 
initial  copper  concentration,  and  were  especially  varied  over  the 
critical  pH  range  5.0-7.  5.  Since  it  will  be  shown  later  that  the 
cracking  time  is  also  dependent  on  the  initial  concentration  of  dissolved 


s 


copper,  Fig.  3  is  not  a  true  picture  of  the  pH  dependence  of  cracking, 
although  the  overall  features  are  substantially  correct. 

Partly  because  of  the  errors  in  Fig.  3,  and  partly  because  of 
the  improper  construction  of  the  pH/potential  diagrams  (see  Appendix  C) 
for  the  CU-NH3-H2O  and  Zn-NH^-^O  systems,  Mattsson  correlated 
the  cracking  time  with  the  appearance  of  a  black  tarnish  on  those 
specimens  that  failed  most  rapidly,  and  concluded  that  the  intergranular 
cracking  occurred  as  the  result  of  intensified  attack  at  pores  in  the 
tarnish,  whereas  at  other  pH  values,  precipitation  of  protective  sulfates 
modified  the  attack  and  allowed  tr ansgr anular  failure. 

In  spite  of  these  criticisms,  Mattsson's  work  represents  a 
major  step  towards  the  understanding  of  the  chemistry  of  the  brass-NH^ 
system;  the  present  work  includes  a  more  detailed  study  of  the  pH  range 
5.  0  -  8.  0,  and  a  re-interpretation  of  his  observations  in  the  light  of  a 
proposed  surface  energy  mechanism. 

C.  ALUMINUM  AND  MAGNESIUM  ALLOYS 

Studies  on  the  stress  corrosion  cracking  of  aluminum  alloys 

have  been  mainly  confined  to  aqueous  chloride  media,  since  service 

failures  have  often  been  associated  with  marine  atmospheres.  Perry- 

(149) 

man  and  Hadden  found  that  the  cracking  time  of  an  Al-7%  Mg  alloy 


decreased  with  increasing  NaCl  concentration  up  to  a  chloride  con- 


d*t 
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centration  of  9%,  after  which  the  cracking  time  was  relatively  un¬ 
changed.  Under  salt- spray  conditions,  the  same  authors  found  that  a 

relative  humidity  of  about  80%  produced  the  most  rapid  cracking. 

(66) 


Farmery  and  Evans  showed  that  bicarbonate  additions  to 

0.  IN  NaCl  solutions  decreased  the  cracking  time  of  Al-7%  Mg;  this  is 

evidently  not  related  to  the  increased  pH  of  the  solution,  because  Gilbert 
(153) 

and  Hadden  have  shown  that  the  cracking  time  is  most  rapid  in  sol¬ 

utions  of  high  acidity.  Cracking  occurred  more  readily  in  solutions 
made  up  from  calcium,  magnesium  or  ammonium  chlorides,  as  com¬ 
pared  with  potassium  chloride  or  sodium  chloride;  cobalt  chloride  was 

(  66) 

even  more  effective  ,  presumably  because  of  the  plating  out  of 

metallic  cobalt  to  provide  locally  intense  galvanic  action. 

Pretreatment  of  the  Al-7%  Mg  alloy  by  immersion  in  20%  AlCl^ 

(  66) 


solution  greatly  reduced  the  time  to  failure  because  of  the  removal 

of  the  natural  oxide  film  from  the  alloy  surface. 

Oxygen  was  definitely  necessary  for  the  stress  corrosion 

(  1 49 )(  153) 


cracking  of  Al-7%  Mg  in  chloride  solutions  ,  since  the  crack¬ 

ing  could  be  halted  or  re-started  by  the  exclusion  or  admission  of 
oxygen  to  the  test  solutions. 

The  use  of  hydrogen  peroxide  to  provide  an  acceleration  of 

the  cracking  of  Al-4%  Cu  (for  testing  purposes)  was  advocated  by 

(154) 


who  found  that  H„0 

2  2 


concentrations  above 


Coiner  and  Francis 


3.  0  gms /liter  markedly  reduced  the  cracking  times  in  NaCl  solutions. 

Magnesium  alloys  are  also  susceptible  to  cracking  in  salt  sol¬ 
utions;  the  most  popular  testing  solution  is  one  containing  a  mixture 
of  NaCl  and  K2CrC>4,  both  of  which  have  an  accelerating  effect  on  the 

(199) 


cracking  rate 

Other  salt  solutions  causing  cracking  of  Mg-Al  alloys  have 

(183) 

been  rated  by  Romanov  as  follows  (in  decreasing  order  of  effect¬ 

iveness):  Na£S04  —  NaNO^  Na2CC>3^  NaCl  >  CH^COONa.  However, 
when  I^CrO^  was  added  to  these  solutions,  no  cracking  occurred  (in 
260  hours)  in  the  solutions  containing  NaNO^,  Na^COo  and  CH^COONa, 
and  these  also  were  the  solutions  in  which  no  pitting  occurred  in  the 
absence  of  chromate  ions.  Romanov  concluded  that  the  additions  of 
chromate  seemed  to  intensify  the  pitting,  which  led  to  the  formation 

of  str  ess  -  raiser  s  ,  and  thus  to  cracking. 

(24) 

Mears,  Brown  and  Dix  reported  a  change  from  intergranula 

to  transgranular  cracking  (in  Mg-6.  5%  Al-1%  Zn)  upon  changing  the  pH 

(  1 3  6)  (  137) 


of  the  test  solution  from  5.  0  to  8.  1,  but  later  investigations 

have  shown  that  the  type  of  failure  is  independent  of  pH.  The  failure 

(199) 

time  is  dependent  on  pH;  according  to  Sager  et  al.  ,  cracking  is 

most  rapid  (in  NaCl-K^CrO^  solutions)  at  low  pH  values,  with  complete 
immunity  being  reached  at  pH  values  above  13. 
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Vapor  phase  testing  of  magnesium  alloys  has  shown  that  the 

relative  humidity  must  be  greater  than  90%  to  produce  cracking;  at 

100%  humidity,  increasing  the  SC>2  or  CO^  content  of  the  gas  phase 

decreases  the  cracking  time,  as  compared  with  tests  in  pure  oxygen 
(31) 

or  air  .  On  the  other  hand  oxygen  has  been  shown  to  have  an  accel- 

(22) 

erating  effect  on  the  cracking  time  in  distilled  water  ,  while  CO^ 

(  6  5) 

had  an  inhibiting  effect 

Cracking  of  magnesium  alloys  has  also  been  reported  in  sol- 

( 3  1 )(  6  5) 

utions  containing  HNO3,  NaOH,  Hf  or  NaF  ;  there  is  no  correla¬ 

tion  between  general  corrosion  and  stress  corrosion  cracking. 

4.  METALLURGICAL  FACTORS 

A.  HEAT  TREATMENT  AND  PLASTIC  DEFORMATION 
A  rigorous  discussion  of  these  two  factors  is  beyond  the  scope 
of  this  review,  but  the  following  few  examples  give  an  idea  of  the  com¬ 
plex  effects  which  can  be  produced  by  variations  of  heat  treatment,  and 
by  application  of  plastic  deformation  prior  to,  or  during  stress  corro¬ 
sion  cracking  tests: 

It  is  well  known  that  18Cr-8Ni  stainless  steels  are  susceptible 
to  intergranular  corrosion  if  they  are  'sensitized1  by  heating  to  a  tem¬ 
perature  at  which  chromium  carbide  is  precipitated  at  the  grain  boun¬ 
daries,  producing  a  chromium -depleted  region  which  is  susceptible 


to  attack,  even  in  the  absence  of  stress.  In  the  presence  of  stress, 
this  attack  is  accelerated,  and  in  some  instances  may  lead  to  inter¬ 
granular  cracking.  The  problem  is  easily  circumvented  by 

a)  using  'stabilized'  stainless  steels  (which 
contain  elements  that  form  carbides  more 
readily  than  chromium  does) 

b)  using  steels  of  extremely  low  carbon  contents 

c)  heat-treating  the  'sensitized'  steel  at  a  tern  - 
perature  high  enough  to  allow  the  carbides  to 
go  into  solid  solution. 

In  chloride  solutions  the  18Cr-8Ni  steels  are  vulnerable  to 

transgranular  stress  corrosion  cracking,  unless  the  austenite  phase  is 

transformed  to  the  ferrite  phase,  either  by  cooling  from  1050°C  (if  the 

carbon  and  nitrogen  contents  are  low  enough  to  prevent  stabilization  of 

the  gamma  phase),  or  by  plastic  deformation  at  or  below  room  tem- 
(108)  (204) 

perature  .  In  the  fully  austenitic  18Cr-8Ni  alloys,  Hines 

found  that  cold  working  (prior  to  testing)  decreased  the  time  to  failure 
if  the  applied  stress  was  low,  and  if  the  plastic  deformation  did  not  ex¬ 
ceed  about  8%.  At  applied  stresses  greater  than  the  0.  1%  proof  stress, 
cold  working  up  to  about  8%  had  no  effect;  and  finally,  heavily  cold 
worked  specimens  showed  improved  resistance  over  a  wide  range  of 
applied  stress.  The  beneficial  effect  of  severe  cold  working  has  also 
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(233)  (234) 

been  reported  by  Scheil  ,  but  Hawkes  et  al.  did  not  observe 

an  increase  in  cracking  time  (as  compared  with  annealed  specimens) 

for  material  that  had  been  cold  worked  about  30%. 

In  testing  austenitic  stainless  steels  that  do  not  transform  at 

(  108) 

all  (20Cr-20Ni,  2  5Cr-2  0Ni),  Uhlig  and  White  found  that  bending 

the  specimens  at  liquid  nitrogen  temperatures  (before  immersion  in 

the  testing  solution)  improved  their  resistance  by  65%  (as  compared 

with  specimens  deformed  at  room  temperature);  on  the  basis  of  this 

observation  and  the  knowledge  that  trace  amounts  of  nitrogen  were  de- 

(  108) 

trimental  to  these  alloys,  the  authors  proposed  that  crack  sensitive 

paths  in  these  alloys  may  be  created  by  strain- induced  nitride  pre¬ 
cipitates  . 

The  sensitized  austenitic  stainless  steels  are  not  the  only  alloys 

in  which  grain  boundary  precipitation  is  associated  with  intergranular 

attack.  Mention  has  already  been  made  of  the  susceptibility  conferred 

on  mild  steels  after  prolonged  annealing  to  induce  cementite  precipita- 

(103) 

tion  at  grain  boundaries  ,  (although  the  recent  work  of  Uhlig  and 

(246) 

Sava  shows  that  susceptibility  may  not  be  entirely  due  to  carbide 

or  nitride  precipitates).  Another  example  is  Al-7%  Mg,  which  was  not 

susceptible  to  stress  corrosion  cracking  unless  heat  treatments  were 

(153) 

carried  out  which  caused  grain  boundary  precipitation  of  Al^^§2 
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The  ageing  of  Al-Zn  alloys  at  room  temperature  produced  zinc-rich 

grain  boundary  precipitates  which  made  the  alloy  susceptible,  but  slow 

furnace  cooling  from  450°C  (prior  to  ageing)  reduced  or  eliminated  the 

precipitation,  and  produced  a  corresponding  reduction  in  susceptibility 
(142) 

to  cracking 

The  type  of  cracking  in  a  Mg-6%  Al-1%  Zn-0.  2%  Mn  alloy  was 

influenced  by  heat  treatment  and  grain  size:  at  small  grain  sizes,  water 

quenching  made  the  alloy  susceptible  to  transgranular  attack  (in 

NaCl-K^CrO^.)  solutions,  while  furnace  cooled  specimens  failed  inter- 

granularly;  at  large  grain  sizes  the  failures  were  transgranular  re- 

(137) 

gardless  of  the  heat  treatments 

B.  CRYSTALLOGRAPHIC  ORIENTATION 

The  relation  of  crystallographic  orientation  to  the  cracking 
mechanism  has  only  been  studied  for  a  few  systems,  using  either  single 
crystals  or  very  large- grained  samples.  In  Fe-20Cr-20Ni  alloys  the 

(236) 

crack  plane  followed  the  (100)  plane  that  had  the  highest  normal  stress  , 

but  in  other  austenitic  stainless  steels  the  crack  planes  were  randomly 

( 7  0)(  123)(236) 

oriented  with  respect  to  the  crystallographic  planes 

Random  fracture  plane  orientations  have  also  been  observed 

(106) 

in  large-grained  low  carbon  steel  exposed  to  NH4NO3  ;  in  Cu^Au 

(239)  (  128)(  237)(240) 

single  crystals  exposed  to  FeCl^  solution  ;  and  in  alpha  brass 
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(240) 


and  beta  brass 


exposed  to  ammonia,  although  the  cracks  in  single 

(238) 


crystals  of  alpha  brass  sometimes  followed  slip  line  traces 


The  basal  (  000  1)  plane  was  the  favored  fracture  plane  observed 

(137) 


in  the  transgranular  cracking  of  a  Mg-6%  Al-1%  Zn-0.  2%  Mn  alloy 

The  relative  orientation  of  adjacent  crystals  appears  to  be 

important  in  intergranular  stress  corrosion  cracking.  In  studies  of 

the  ammonia  cracking  of  7  0Cu-30Zn,  and  90Cu-10Zn  large  grained 

(240) 


alloys,  Logan  observed  that  for  over  70%  of  the  cracks  the  angles 

between  bounding  planes  (of  adjacent  crystals)  at  the  crack  origins  were 

in  the  range  of  13°  -  23°,  which  corresponds  to  the  range  where  grain 

boundary  energies  are  highest.  In  a  similar  study  of  the  intergranular 

(  106) 


cracking  of  low  carbon  steel  in  NH4NO3,  Logan  found  that  the 

majority  of  the  cracks  occurred  at  grain  boundaries  where  the  relative 
orientation  of  the  bounding  planes  was  in  the  range  of  10°  -  30°,  which 
again  suggests  that  grain  boundaries  having  high  energies  are  most 
susceptible. 


5.  ELECTROCHEMICAL  ASPECTS 

Electrochemical  studies  of  stress  corrosion  cracking  fall  into 
three  general  categories: 

a)  Measurement  of  the  relative  electrochemical  potentials 
of  the  constituents  involved  in  the  cracking  mechanism 


(e.  g.  grain  boundaries,  grains,  intermetallic 
compounds)  with  and  without  the  application  of 
stress  to  the  specimens; 

b)  Measurement  of  the  overall  electrochemical 
potential  (vs.  a  suitable  reference  electrode) 

of  a  specimen  during  the  time  preceding  failure; 

c)  Control  of  the  electrochemical  potential  (by  means 
of  an  externally  applied  potential)  of  the  corroding 
specimen  to  study  the  effect  of  anodic  and  cathodic 
polarization. 

It  has  long  been  suspected  that  many  instances  of  intergranular 

stress  corrosion  cracking  could  be  attributed  to  the  anodic  dissolution 

of  material  from  grain  boundaries,  but  the  first  direct  evidence  that 

the  grain  boundaries  of  alloys  might  be  anodic  to  the  grains  was  reported 
(26) 

by  Dix  in  1940.  In  the  experiments  performed  by  his  colleagues, 
the  potential  differences  between  the  grains  and  the  grain  boundaries 
of  a  coarse-grained,  aged  Al-4%  Cu  alloy  (in  NaCl  -  HpOp  solution) 
were  measured  after  carefully  masking  the  grains  of  one  specimen  and 
the  grain  boundaries  of  another  specimen  with  Bakelite  varnish.  The 
technique  was  further  refined  so  that  the  potentials  of  individual  areas 
on  the  specimens  could  be  measured  with  a  capillary-tipped  electrode. 
Both  methods  showed  that  the  grain  boundaries  were  substantially  anodic 
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to  the  grain  centers,  and  in  some  cases  the  difference  was  as  high  as 
0.  20  volts.  The  cause  of  the  potential  difference  was  attributed  to  the 
fact  that  grain  boundary  precipitation  produced  a  solid  solution  (adjacent 
to  the  precipitate)  depleted  in  copper,  and  this  depleted  solid  solution 
was  the  anodic  constituent. 

Another  technique  used  to  determine  the  relative  potentials  of 

(31) 

possible  constituents  has  been  described  by  Timonova  for  a  Mg-8%A1 
alloy  exposed  to  solutions  of  NaOH,  NaCl,  HF  and  HNOy  He  com¬ 
pressed  concentric  rings  of  MgqA^  (representing  the  inter -metallic 
compound),  Mg-1.65%A1  (impoverished  solid  solution)  and  Mg-8%A1 
(homogeneous  solid  solution),  and  measured  the  potentials  across  the 
surface  of  this  'model'  alloy.  In  all  of  the  test  solutions  mentioned 
above,  the  impoverished  solid  solution  was  anodic  to  the  other  two 
phases. 

Although  grain  boundary  precipitation  may  account  for  the 
anodic  regions  in  some  alloys,  there  is  ample  evidence  of  grain  bound¬ 
ary  activity  in  materials  in  which  no  precipitate  is  evident.  Thus,  for 
(26) 

example,  Dix  reported  that  99 . 9 86  %  A1  showed  grain  boundary  act¬ 
ivity  if  the  specimens  were  water-quenched  from  620°C,  whereas  if  the 

specimens  were  slowly  cooled,  the  grain  boundaries  were  cathodic. 

(181) 

For  brass  exposed  to  ammonia,  Dix  found  that  the  grain 
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(201) 

boundaries  were  anodic  to  the  grains,  while  Bakish  and  Robertson 

said  that  this  was  true  only  if  oxygen  was  present.  In  the  absence  of 

oxygen  the  grain  boundaries  were  cathodic,  which  apparently  agreed 

(202) 

with  the  findings  of  other  workers 

(207) 

Engell  and  Baumel  have  shown  that  the  grain  boundaries 

of  mild  steel  are  anodic  to  the  grains  when  immersed  in  hot  Ca(NC>3}2> 

(26) 

solutions  (using  the  measurement  technique  described  by  Dix  ). 

The  measurement  of  the  overall  potential  of  a  specimen  under  - 

going  stress  corrosion  cracking  has  been  used  with  a  great  deal  of 

success  in  the  studies  of  the  susceptible  austenitic  stainless  steels. 

(91)(92)(203) 

In  a  series  of  papers,  Hoar  and  Hines  have  shown  that 

potential -time  curves  for  18Cr~8Ni  steel  wires  stressed  in  boiling 
MgCl^  solutions  exhibit  an  initial  increase  in  potential  which  corres¬ 
ponds  to  the  repair  of  the  surface  film  which  was  initially  formed  in 
air,  followed  by  an  abrupt  decrease  in  potential  when  the  anodic  acidity 
leads  to  breakdown  of  the  film  at  some  points,  leading  to  a  period  of 
localized  corrosion  during  which  the  potential  does  not  change;  sub¬ 
sequently,  the  potential  shows  a  smooth  continuous  fall  before  fracture, 
during  which  period  the  development  of  open  cracks  is  apparent.  This 

general  form  of  the  potential-time  curve  has  been  confirmed  for  the 

(205)(235) 

18Cr-8Ni  steels  ;  similar  curves  have  been  obtained  for 
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(206) 


(217). 


l6Cr-20Ni  stainless  alloys  and  other  Fe-Cr-Ni  alloys 

Among  the  other  stress  corrosion  cracking  systems,  potential¬ 
time  curves  have  been  recorded  for  mild  steel  stressed  in  boiling 

(  107)(207)(  235) 


Ca(N03)2 


solutions 


,  for  mild  steel  with  minor  alloying 
(107) 


additions  of  either  Cu,  Cr  or  A1 


,  for  Mg-8%  A1  alloys  stressed 
(31) 


in  HNO3  or  NaCl  +  K^C^Oy  solutions  ,  for  brass  stressed  in 

(  19  1 )  (235)  (  1  5  3 )( 235) 

copper -ammonia  solutions  ,  and  for  Al-4%Cu  and  Al-7%Mg 

alloys  stressed  in  3%  NaCl  solutions. 

The  studies  of  cathodic  and  anodic  polarization  of  various 
alloys  undergoing  stress  corrosion  cracking  have  vividly  demonstrated 
the  importance  of  electrochemical  stages  in  the  cracking  mechanism; 
if  we  exclude  hydrogen  embrittlement  (where  cathodic  polarization  in¬ 
creases  the  probability  of  failure),  it  is  a  well-established  fact  that 
application  of  a  potential  sufficiently  cathodic  can  prevent  stress  corro¬ 
sion  cracking,  and  that  anodic  potentials  stimulate  the  cracking  pro- 

(137) 

cess.  Priest  et  al.  have  even  shown  that  the  cracking  can  be 

stopped  or  started  at  will  by  interrupted  application  of  a  sufficient 
cathodic  potential  to  the  stressed  specimen. 

Investigations  to  determine  the  effect  of  the  application  of  an 


external  potential  to  alloys  undergoing  stress  corrosion  cracking  in- 

(  17)(  103)(207)(208)(210) 

elude  the  following;  mild  steel  (in  nitrate  solutions) 
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(24)(3  1)(  137)(  2  1 1) 

magnesium  alloys  (in  NaCl  -  K^CrO^  solutions) 

(29)(3  1)(  66)(  1 47 )(  153) 

aluminum  alloys  (in  NaCl  solutions)  ,  copper  alloys 

(  3  1)(  16  5)(  173) 

(in  ammonia  solutions)  ,  and  stainless  steels  (in  chloride 

(91  )(92)(206)(  212-216) 

solutions) 


6.  MISCELLANEOUS  FACTORS 
A.  TEMPERATURE 

The  general  effect  of  temperature  is,  of  course,  to  reduce  the 

time  to  failure  by  stress  corrosion  cracking.  One  exception  to  this 

(22) 

rule  was  reported  by  Romanov  ,  who  found  that  for  Mg-7%  A1  alloy 
exposed  to  NaCl  +  K^CrO^  solutions  the  cracking  time  decreased  as 
the  temperature  was  raised  from  5  -  30°C,  but  increased  at  higher 
temperatures,  and  above  40°C  the  alloy  developed  a  fairly  high  resist¬ 
ance  to  cracking. 

Very  little  systematic  work  has  been  done  on  the  effect  of 

(91) 

temperature.  Hoar  and  Hines  estimated  activation  energies  of  40 
and  10  kcal/mole  for  the  induction  period  and  crack  propagation  period, 
respectively,  for  the  cracking  of  austenitic  stainless  steel  in  MgCl^ 
solutions  over  the  temperature  range  125  -  155°C,  but  the  points  on 
their  curves  show  enough  scatter  to  cast  doubts  on  the  linearity  of  the 
plots  of  log  rate  vs.  1/T. 


(134) 

Wasserman  found  that  over  the  temperature  range 

23  -  100°C,  the  relation  of  temperature  to  cracking  time  for  Al-4% 
Zn-2%  Mg  alloys  exposed  to  3%  NaCl  solution  was  a  linear  plot  on 
log-log  co-ordinates  (log  cracking  time  vs.  log  T),  but  offered  no  ex¬ 
planation  for  his  choice  of  log  T  rather  than  1/T. 

(200) 

Sidorov  and  Ryabchenkov  showed  a  linear  plot  of  log  fail- 

ure  time  vs.  1/T  for  austenitic  steels  exposed  to  steam  containing 

NaOH  and  NaCl  over  the  temperature  range  253  -  374°C,  but  did  not 

calculate  the  activation  energy  for  the  process. 

(154) 

More  recently,  Gruhl  has  derived  activation  energies  of 

12.  7  and  9.  2  kcal/mole  for  the  cracking  of  an  unworked  and  worked 

(5%  elongation)  Al-5%Zn-3%Mg  alloy  stressed  in  3%  NaCl  solution  at 

25  -  70°C,  and  has  proposed  that  the  mechanism  is  therefore  related 

to  the  migration  of  single  and  double  vacancies,  respectively. 

(  179) 

Nichols  and  Rostoker  compared  the  temperature  depen¬ 

dence  of  three  alloys  in  which  cracking  can  occur  by  exposure  to  either 
liquid  metals  or  aqueous  media.  For  an  age-hardened  aluminum  alloy 

exposed  to  NaCl-Na2Cr04-HCl  solutions,  the  cracking  time  was  almost 

o 

independent  of  temperature  over  the  range  3-60  C,  as  was  the  em¬ 
brittlement  by  liquid  mercury  over  the  range  10  -  80°C.  For  a 
7 OCu- 30Zn  alloy  exposed  to  ammonia,  the  cracking  time  decreased 
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slightly  with  temperature  (  15  -  7  5°C)  although  there  was  considerable 
scatter  in  the  points  (this  will  be  discussed  later);  the  same  alloy, 
exposed  to  mercury,  also  showed  a  slight  decrease  in  fracture  stress 
with  temperature,  although  the  choice  of  fracture  stress  as  a  suitable 
parameter  makes  the  comparison  less  reliable.  The  only  large  tem¬ 
perature  dependence  was  found  for  an  age-hardened  Cu-2%Be  alloy 
exposed  to  ammonia  or  mercury  (25  -  85°C).  For  both  types  of  crack¬ 
ing,  the  temperature  dependence  did  not  conform  to  the  Arrhenius  re¬ 
lation. 

(208) 

An  apparent  activation  energy  of  10  kcal/mole  has  been  found 
for  the  cracking  of  mild  steel  in  NH^NCk  solution  over  the  range 

^  (209) 

40  -  96°C,  which  agrees  with  the  values  found  by  Winter  stein  et  al. 
for  the  cracking  of  mild  steel  in  Ca(N03)2  -NH^NO^  solutions. 

B.  TOPOGRAPHY 

(114) 

Gulbransen  and  Copan  have  shown  that  the  growth  of  oxides 

on  the  surfaces  of  iron,  nickel  chromium  and  stainless  steel  oxidized 
in  oxygen  or  steam  is  affected  by  stress,  in  that  thin  oxide  platelets 
(about  100  X  thick)  are  favored  in  the  presence  of  stress,  presumably 
because  of  an  ordered  pattern  of  nucleation  sites.  Since  the  formation 
of  these  platelets  presumably  depends  on  a  very  localized  source  of 
metal  ions,  the  authors  proposed  that  a  'trench'  may  be  formed  at  the 


base  of  the  platelets.  In  aqueous  media  the  corrosion  product  might 


dissolve,  so  that  the  trench  could  lead  to  the  initiation  of  cracks  under 
the  influence  of  applied  stress. 


C.  WEDGING  ACTION  OF  CORROSION  PRODUCTS 

(110) 

Nielsen  was  the  first  to  demonstrate  that  the  cathodic  de¬ 

position  of  corrosion  products  within  cracks  in  an  18Cr-8Ni  stainless 
steel  might  exert  large  hydrostatic  pressures,  and  suggested  that  such 

to 

pressures  would  contribute,  the  propagation  of  stress  corrosion  cracks. 

(120) 

Pickering  et  al.  followed  up  Nielsen's  work  with  a  quantitative 

study  of  the  wedging  action  produced  by  the  solid  corrosion  products 
formed  in  notched  specimens  of  18Cr-8Ni  stainless  steel  exposed  to 
acidic  NaCl  solutions.  It  was  found  that  pressures  in  excess  of  7000  psi 
were  developed  in  the  cracks,  and  that  these  pressures  were  sufficient 
to  progagate  pre-existing  cracks  without  the  application  of  any  external 
stress.  It  seems  clear  that  in  those  systems  where  solid  corrosion 
products  (having  a  larger  specific  volume  than  the  alloy  from  which 
they  are  formed)  can  be  formed  in  cracks,  the  wedging  action  will  un¬ 
doubtedly  contribute  to  the  crack  propagation,  but  according  to  Pickering 
(120) 

et  al.  this  extended  propagation  is  limited  to  only  a  few  atomic  dis¬ 

tances  ahead  of  the  crack  tip,  and  cannot  be  responsible  for  a  freely 


'running'  crack. 


7.  STRESS  CORROSION  CRACKING  MECHANISMS 


A  phenomenological  description  of  stress  corrosion  cracking  1 
simple:  cracks  which  are  initiated  by  electrochemical  processes  at  the 
surface  of  the  alloy  propagate  even  under  low  applied  tensile  stresses 
to  produce  a  failure  which  is  very  rapid  compared  with  the  usual  rates 
of  metal  dissolution,  but  still  is  slower  than  would  be  expected  for  a 
brittle  fracture.  However,  the  information  presented  in  the  previous 
six  sections  shows  that  the  mechanism  of  the  process  is  not  simple,  be 
cause  the  following  observations  must  be  explained: 

a)  The  crack  initiation  cannot  be  predicted  merely  on  the  basis 
of  the  general  corrosive  behavior  of  the  electrolyte  with  respect  to  the 
alloy  as  a  whole,  or  with  respect  to  individual  constituents  of  the  alloy. 
In  other  words,  the  chemical  medium  must  possess  certain  unique 
characteristics  which  make  it  effective  as  a  cracking  agent. 

b)  The  crack  initiation  sites  in  polycrystalline  material  can  be 
changed  from  grain  boundaries  to  grain  bodies  by  a  change  in  metal¬ 
lurgical  factors  (e.g.  ,  alloy  composition  ,  heat  treatment)  or  by  a 
change  in  the  chemical  environment. 

c)  The  path  of  the  crack  propagation  can  similarly  be  changed 
by  a  change  in  chemical  or  metallurgical  factors. 

d)  The  crack  propagation  can  occur  with  little  evidence  of 
plastic  deformation,  in  alloys  that  normally  fail  in  a  ductile  manner. 
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e)  Both  crack  propagation  and  initiation  steps  can  be  prevented 
by  the  application  of  cathodic  protection. 

Many  theories  have  been  proposed  for  the  mechanism  of  stress 
corrosion  cracking  in  specific  systems,  but  in  general  they  can  be 
divided  into  two  groups,  depending  on  the  relative  emphasis  placed  on 
the  electrochemical  or  mechanical  factors.  These  two  groups  are 
(using  Barnartt' s'^0)  terminology): 

a)  Continuous  Electrochemical  (CE)  mechanism,  in  which  the 
crack  propagation  occurs  solely  by  rapid  anodic  dissolution  of  metal 
along  selective  paths; 

b)  Periodic  Electrochemical -Mechanical  (PEM)  mechanism, 
in  which  the  anodic  dissolution  of  the  metal  only  creates  a  notch  which 
then  acts  as  a  stress  raiser;  when  the  stress  exceeds  a  critical  value, 
the  crack  propagates  mechanically  for  a  short  distance  until  halted  by 
the  relaxation  of  the  stress,  or  by  an  encounter  with  obstacles. 

A  review  of  these  mechanisms  has  been  presented  by  Barnartt^ ^0) 
In  summary,  the  main  points  are: 

a)  The  PEM  mechanism  is  indicated  in  many  systems  by  the 

discontinuous  nature  of  crack  propagation.  Intermittent  crack  bursts 

have  been  observed  for  intergranular  cracking  of  A1  -7Mg^ 15 and 

Al-4Cu^35^  alloys  in  NaCl  solutions,  for  mild  steel  in  nitrate 

(207)(210)(235)  „  /A1  ,  „ 

solutions',  for  the  transgranular  c racking  of  Mg-bAl-lZn 


. 
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in  NaCl-K^CrO^,13^  for  austenitic  steels  subjected  to  intermittent 

wetting  and  drying  in  NaCl  solutions^,24  ^  and  for  intergranular  and  trans- 

granular  cracking  of  brass  in  ammonia^38^  On  the  other  hand,  no  sudden 

fracture  steps  have  been  detected  during  the  intergranular  cracking  of 

(136) 

Mg-6Al-lZn  in  NaCl-K^CrO^  ,  or  during  the  transgranular  cracking 
of  stainless  steels  in  boiling  42%  MgCl2^^235^  However,  as  Barnartt^  10°) 
points  out,  the  mechanical  fracture  steps  may  be  so  short  and  frequent 
that  they  have  escaped  detection  in  these  last  two  systems. 

b)  One  of  the  chief  arguments  against  the  CE  mechanism  is  that 
the  estimated  current  densities  that  would  be  required  at  the  crack  tip  must 
be  extremely  high  in  order  to  account  fot  the  rapid  crack  propagation. 

For  the  intergranular  cracking  of  mild  steel  in  Ca(NC>3)2  the  required 

2  (207) 

current  density  was  calculated  to  be  400  amps/crm  by  Engell  and  Baumel,  ' 

and  0.  15  amps/cm^  by  Logan^.2"^  The  large  difference  in  these  calcula¬ 
tions  is  due  to  the  difference  in  estimated  crack  propagation  rates:  the 
first  calculation  is  based  on  the  observation  that  discontinuous  elongations 
of  the  specimens  occurred  in  one  second  (or  less)  jumps  (giving  an  average 
crack  penetration  rate  of  2x10^  cm/  sec)  whereas  Logan  assumed 
that  the  crack  tip  was  continuously  dissolved  (giving  an  average  pene¬ 
tration  rate  of  5  x  10  ^  cm/sec.) 

The  required  current  density  (at  the  crack  tip)  for  the  trans¬ 
granular  cracking  of  18Cr-8Ni  stainless  steels  in  MgCl2  was  calculated 
to  be  in  the  range  0.4  -  2.0  amps/cm^/^3^ 


for  the  cracking  of  Mg-3Al-lZn 


All  of  these 


in  NaCl-K^CrO^.  it  was  calculated  to  be  14  amps/cm^.^^^ 
values  are  high,  but  Hoar  and  West^242^  showed  that  an  18Cr-8Ni  stain¬ 
less  steel  wire  could  sustain  current  densities  of  0.5  amps/cm^  if  it 

was  strained  at  a  rate  of  about  300%/minute  in  a  streaming  solution. 

(109)  .  (1 

Van  Rooyen  could  not  confirm  these  results,  but  according  to  Hoar', 

additional  recent  work  in  his  laboratory  has  shown  that  strain  rates  of 

100%/minute  (in  streaming  solutions)  can  produce  a  104  increase  in  the 

dissolution  rate  (as  compared  with  the  anodic  dissolution  rate  of  static 

metal  at  the  same  potential).  Concentration  polarization  in  the  crack  is 

said  to  be  avoided  by  the  yawning  of  the  crack,  sucking  in  fresh  supplies 
(243) 


of  electrolyte . 


Thus  the  CEM  mechanism  is  presumed  to  operate 


by  the  rapid  anodic  dissolution  of  the  plastically  yielding  metal  at  the 
tip  of  the  crack. 

c)  A  PEM  mechanism,  based  on  observations  made  of  the 

cracking  of  single  crystals  of  brass  in  ammonia,  has  been  proposed  by 
(238)(245) 


Forty. 


According  to  his  theory,  cracks,  once  initiated,  can 


propagate  (microscopically)  only  in  those  alloys  in  which  slip  is  highly 
restricted;  this  propagation  is  halted  when  the  crack  reaches  a  pre¬ 
existing  slip  band.  Further  chemical  reaction  leads  to  a  re -initiation  c£ 
the  crack,  and  the  process  repeats  itself. 


(245) 

Logan's  film-rupture  mechanism  makes  use  of  both  the 


CEM  and  PEM  mechanisms.  He  has  proposed  that  the  rupture  of 
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passivating  films  on  an  alloy  surface  produces  fresh  areas  of  metal 
that  are  anodic  to  the  film;  intense  dissolution  in  these  areas  can  pro¬ 
ceed  only  if  the  local  strain  rate  is  great  enough  to  prevent  healing  of 
the  film.  Crack  propagation  can  then  proceed  by  anodic  dissolution  of 
fresh  metal  at  the  tip  of  the  crack  where  high  yielding  rates  prevent 
film  formation  (CEM)  unless  the  strains  are  readjusted  to  lower  values, 
in  which  case  the  crack  will  stop.  If,  however,  the  stresses  become 
more  concentrated,  a  mechanical  fracture  step  may  result  (PEM) . 

The  correlation  of  dislocation  substructure  with  stress  corrosion 
susceptibility^ 247)(25  1)  has  provided  the  best  explanation  to  date  for  the 
structural  dependence  of  crack  initiation  and  propagation;  further  electron 
metallographic  studies  will  undoubtedly  clarify  the  many  metallurgical 
factors  involved.  However,  none  of  the  work  so  far  has  been  able  to 
adequately  explain  why  stress  corrosion  cracking  is  limited  to  a  few 
chemical  environments,  which  are  specific  for  each  alloy,  and  yet 
apparently  quite  different,  chemically,  from  one  system  to  another. 

In  order  to  explain  the  chemical  dependence  of  the  cracking  of 
homogeneous  alloys,  Graf^7^  has  formulated  a  set  of  general  rules  which 

state  that 

a)  Susceptibility  is  caused  by  addition  of  alloying  components 
more  noble  than  the  principal  alloy  component; 

b)  susceptibility  increases  with  the  increasing  concentration 
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of  the  more  noble  component,  reaching  a  maximum  at  20-30at%. 
c)  The  corrosive  agent  must  react  strongly  with  the  least 
noble  component. 

His  predictions  are  borne  out  for  a  number  of  homogeneous 
alloys,  but  one  of  the  notable  exceptions  is  the  Cu-Zn  system,  which 
according  to  his  rules  should  be  immune  to  cracking. 


SURFACE  ENERGY  CONCEPTS  IN  STRESS  CORROSION  CRACKING 

In  order  to  account  for  the  specific  action  of  certain  chemicals 

.(184-187) 

m  stress  corrosion  cracking,  it  has  been  suggested  that  specific 

adsorption  of  surface  active  species  may  either  reduce  the  surface  energy 
of  the  metal  to  facilitate  the  creation  of  surface  slip  steps,  or  penetrate 
into  microcracks  and  provide  lateral  pressures  by  strong  adsorption 
there.  The  most  commendable  features  of  this  suggestion  are  that  it 
is  simple  and  that  it  augments  rather  than  contradicts  the  PEM  mechanism 
or  the  film- rupture  mechanism. 

There  is  ample  proof  that  surfactants  can  have  a  marked  effect 
(the  Rehbinder  effect)  on  the  flow  stress  of  metals  and  alloys!^~^  but 
to-date  there  have  been  very  few  papers  dealing  with  surface  energy 
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lowering  in  stress  corrosion  cracking  systems.  It  is  interesting  to 

note,  however,  that  there  are  at  least  two  examples  in  the  literature 

where  the  addition  of  a  ’known'  surfactant  to  a  stress  corrosion  system 

has  produced  a  significant  reduction  in  cracking  time.  The  first  example 

was  reported  by  Titova^  ^  and  has  been  mentioned  in  the  literature 

(254) 

review.  The  second  example  is  provided  by  Backensto  and  Yurick;  ' 
who  found  that  commercially  available  amine-type  inhibitors  increased 
the  susceptibility  of  several  austenitic  stainless  steels  exposed  to 
NH4CI  solutions. 

Much  of  the  development  of  the  surface  energy  mechanism  is 
due  to  Rostoker  and  his  co-workers;  their  quantitative  treatment  of 
the  surface  energy  lowering,  which  was  developed  during  extensive 
studies  of  liquid  metal  embrittlement! *^3)  may  be  summarized  as 
follows:  The  Griffith  formula  for  brittle  crack  propagation  is 

a  (Ey/C) 1/2 

where  a  is  the  applied  stress  needed  to  propagate  an  elastic  crack 
of  length  C  in  a  material  of  Young's  modulus  E.  7  is  the  surface  free 
energy.  Clearly,  if  y  is  reduced  by  adsorption  of  a  surface  active  species, 
the  crack  may  propagate  under  lower  applied  stresses. 

The  effective  surface  energy  associated  with  brittle  fracture 

ft 

can  be  estimated  from  the  Stroh-Petch  relationship 

a  =  a  +  K  •  d"1/2 
F  o 
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where  ap=  fracture  stress;  d  =  average  grain  diameter;  <jQ  and  K  are 
functional  constants  of  which 

*  ■  (f^) 

where  G  is  the  rigidity  modulus,  and  v  is  Poisson's  ratio.  Thus  a  plot 
- 1  /Z 

of  Op  vs.  d  allows  the  estimation  of  the  effective  surface  energy. 

Coleman,  Weinstein  and  Ro stoke r( 1 84)  have  used  the  Stroh-Petch 

equation  to  calculate  the  effective  surface  energies  of  157  ergs/cm^  and 

2 

93  ergs/cm  associated  with  the  transgranular  cracking  of  18Cr-8Ni 
stainless  steel  in  MgCl^  solution  and  the  cracking  of  Mg-6A1  in  NaCl- 
K2CrC>4  solution,  respectively.  Both  of  these  values  are  much  lower 
than  the  estimated  surface  free  energies  of  stainless  steel  (about  10^ergs/cm^) 
and  of  Mg-6A1  (about  500  ergs/cm^),  showing  that  the  lowering  of  surface 
free  energy  did  occur. 

No  similar  calculations  have  yet  been  made  for  the  cracking 

of  brass  in  ammonia,  but  Robertson  and  Tetelman^^^  have  replotted  the 

(128) 

data  of  Edmunds'  '  to  show  that  a  linear  relation  between  cracking 
-1/2 

time  and  d  exists;  for  the  embrittlement  of  brass  by  mercury, 

Nichols  and  Rostoker^^)  have  calculated  an  effective  surface  energy 

of  280  ergs/cm  ,  which  is  considerably  lower  than  the  estimated  surface 

free  energy  of  brass  with  respect  to  its  own  vapor  (  about  1500  ergs/cm^^^). 

(179) 

Nichols  and  Rostoker'  J  have  also  found  that  temperature, 
and  prior  cold  working  have  similar  influences  on  the  cracking  rates  of 


. 
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an  Al-4.  5%Cu  - 1 . 5%Mg-0.  6%Mn  alloy  exposed  to  eithe  r  mercury  or 
NaCl -Na2C rO^. -HC1  solution  and  of  a  Cu-2%Be  alloy  exposed  to  either 
mercury  or  ammonia.  The  effect  of  temperature  on  the  cracking  of 
70Cu-30Zn  exposed  to  mercury  or  ammonia  was  not  comparable ,  for 
reasons  that  will  be  discussed  later. 

The  Griffith  equation  requires  the  prior  existence  of  a  micro- 
crack,  which  in  the  Stroh-Petch  equation  is  assumed  to  be  generated 
by  a  dislocation  mechanism.  In  stress  corrosion  cracking,  this  micro¬ 
crack  may  be  caused  by  the  intensified  corrosion  at  specific  reaction 
sites;  this  would  account  for  the  influence  of  electrochemical  factors. 

On  the  other  hand,  the  surface  active  species  responsible  for  the  reduction 
of  the  surface  free  energy  may  be  a  transient  species,  generated  by  an 
electrochemical  reaction;  a  third  possibility  is  that  the  electrochemical 
potential  of  the  solid/ solution  interface  may  affect  the  adsorption  step 
in  the  same  way  that  the  potential  affects  the  adsorption  of  solutes  on 
mercury  (the  electrocapillary  effect). 

It  is  important  to  note  that  the  Griffith  criterion  assumes  that 
the  surface  free  energy  term  represents  only  the  energy  needed  to  provide 
two  new  uncontaminated  and  'undeformed'  surfaces;  if  some  plastic 
deformation  precedes  fracture,  the  brittle  fracture  criterion  of  the 
form 


a 


61 


has  to  be  used,  where  pis  the  effective  surface  energy  term  which  in¬ 
cludes  y  and  the  energy  expended  in  plastic  deformation.  Since  p  may 
be  orders  of  magnitude  greater  than  y  (^56)  ^  .g  imp0r^an^-  to  determine 

how  much  plastic  deformation  takes  place.  Observations  of  alpha  brass 
embrittled  by  mercury^^^  or  cracked  by  ammonia^^^  have  not  shown 
any  plastic  deformation  which  could  contribute  to  large  values  of  p  . 

In  summary,  it  seems  reasonable  to  conclude  that  the  specific 
action  of  certain  chemicals  in  stress  corrosion  cracking  is  governed 
not  only  by  the  corrosive  action  they  have  towards  certain  sites  on  the 
surface  of  a  stressed  metal,  but  also  by  the  ability  of  some  ionic  species 
(even  transient  in  nature)  to  adsorb  and  to  modify  the  surface  free  energy 
at  the  tip  of  a  microcrack,  reducing  the  effective  energy  requirements 
to  a  point  where  the  fracture  criterion  is  satisfied. 
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EXPERIMENTAL  METHODS 

1.  MATERIALS 

Brass  wire  (0.  036"  diameter)  of  commercial  purity  was  ob¬ 
tained  locally  and  used  in  the  as -received  condition  (except  for  chem¬ 
ical  cleaning).  Spectroscopic  analysis  (Table  II,  below)  showed  an 
average  composition  of  65.3 %  Cu ,  34.7%  Zn,  0.  003%  Fe. 


TABLE  II 

SPECTROSCOPIC  ANALYSIS  OF  BRASS 


%  Average  Composition 


Wire 

Strip 

Copper 

65.  27 

69.51 

Zinc 

34.71 

30.46 

Lead 

<0.001 

<0.001 

Tin 

r— 4 

o 

o 

o 

o 

V 

<  0.001 

Iron 

0.003 

0.01 

Arsenic 

<0.003 

<0.003 

Aluminum 

<  0.001 

<0.001 

Magnesium 

<  0.001 

<0.001 

Manganese 

<  0.001 

<0.001 

Silicon 

<0.001 

<0.001 

Nickel 

<0.001 

0.003 

Antimony 

<  0.001 

<0.001 

Bismuth 

<0.  001 

<  0.001 

Phosphorus 

Sulfur 

<  0.005 

<0.005 

<0.01 
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Brass  strips  (10  x  85  mm)  were  sheared  from  cold-rolled 
brass  sheet  (0.48  mm  thickness)  which  had  an  average  composition  of 
69 . 5%  Cu ,  30 . 5%  Zn,  0.01%Fe  and  0.003%  Ni  (Table  II).  The  strips 
were  sheared  with  their  length  normal  to  the  rolling  direction.  After 
chemical  cleaning,  they  were  stressed  by  bending  over  a  one-half  inch 
mandrel,  and  the  'legs'  of  the  specimens  were  inserted  in  a  5  ml  glass 
cup  (Beckman  semi-micro  pH  beakers).  This  stressing  procedure  pro¬ 
vided  a  satisfactory  degree  of  reproducibility  in  the  tests. 

All  chemicals  were  reagent  grade  unless  otherwise  specified. 

The  distilled  water  used  to  make  up  solutions  contained  less  than  3  ppm 
dissolved  salts. 

"Linde"  high  purity  argon  (containing  <  1  ppm  oxygen)  was 
passed  through  a  bed  of  anhydrous  CaSO^  (Drierite)  before  use.  Bot¬ 
tled  hydrogen  (Linde),  oxygen  (Linde)  and  carbon  dioxide  (Matheson  Co.) 
were  used  without  further  purification.  Ammonia  gas  containing  <  50  ppm 
h2o  was  supplied  by  the  Matheson  Co. 

2.  EXPERIMENTS  WITH  WIRE  SPECIMENS 

A.  Vacuum  System  'A' 

Preliminary  experiments  with  wire  specimens  were  designed 
to  allow  the  corrosion  reactions  to  be  carried  out  in  gaseous  environ¬ 
ments  containing  gaseous  ammonia  alone,  or  in  combination  with  oxygen, 
carbon  dioxide,  or  air;  it  was  hoped  that  the  change  in  pressure  of  the 
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reacting  gas  or  gases  would  be  a  suitable  reaction  parameter.  For  this 
purpose  a  vacuum  system  was  constructed  that  would  allow  evacuation 
of  the  reaction  chamber  containing  the  stressed  wire  sample,  with  sub¬ 
sequent  dosage  of  the  various  gases  from  previously  calibrated  bulbs. 
Although  the  reaction  of  stressed  brass  in  ammonia  environments  did 
not  prove  to  be  amenable  to  study  in  the  gas  phase,  the  design  and  op¬ 
eration  of  the  system  is  included  since  they  may  prove  applicable  to  other 
metal-gas-  systems. 

A  schematic  diagram  of  the  apparatus  is  shown  in  Fig.  4  ;  de¬ 
tails  of  the  major  components  are  given  in  Appendix  A.  The  pumping 
system  consists  of  a  mechanical  fore-pump  connected  in  series  with 
a  three-stage  oil  fractionation  pump  P2.  Cold  traps  (liquid  nitrogen)  C  j 
and  C>2  prevent  backstreaming  of  vapor  from  the  pumps.  The  reaction 
vessel  A,  which  is  connected  by  a  ball  joint  Ig  to  the  system,  can  be 
roughed  out  through  the  bypass  line  passing  through  taps  Tg  and 

T  ;  the  vessel  can  then  be  evacuated  to  high  vacuum  (about  10“'  torr) 
through  the  oil  fractionation  pump. 

Reaction  gases  are  admitted  at  to  the  various -sized  calibrated 
bulbs  The  gases  are  then  admitted  to  the  reaction  vessel  through 

the  capillary  line  (hatched  line  in  Fig.  4)  passing  through  Tg. 

Pressure  during  evacuation  is  measured  by  means  of  a  thermo¬ 
couple  gauge  Gj  or  a  Bayar d-Alpert  ionization  gauge  G;>.  Pressure  of 
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Fip;.  U  Schematic  diagram  of  vacuum  system  "A" 


. 
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the  reacting  gases  can  be  monitored  by  the  manometer  connected  be¬ 
tween  Tg  and  I3. 

B.  Reaction  Vessel  Design 

Several  reaction  vessels  were  built  to  study  the  corrosion  of 
stressed  wire  specimens  in  controlled  atmospheres.  Three  of  the  mod¬ 
ifications  will  be  described  here,  since  each  has  certain  advantages, 
although  none  satisfies  all  the  critical  testing  requirements,  which  are: 

a)  the  vessel  components  must  be  non-reactive  with  the 
chosen  environment 

b)  the  stress  on  the  specimen,  which  is  applied  from  outside 
the  reaction  chamber,  must  be  uniform,  measurable  and 
reproducible 

c)  the  seal  through  which  the  stress  is  transmitted  must  be 
vacuum-tight 

d)  the  volume  should  be  as  small  as  possible  in  relation  to 
the  surface  area  of  the  specimen 

e)  some  means  of  visual  and/or  microscopic  viewing  of  the 
specimen  surface  should  be  provided. 

In  the  designs  sketched  in  Figs.  5  and  6,  the  basic  reaction 
vessel  is  a  cylindrical  glass  tube  (70  mm  O.D.  x  150  mm  long)  fitted 
with  a  ball  joint  side  tube  for  connection  to  the  vacuum  system,  and 
45/50  tapered  glass  outer  joints  at  each  end  to  accomodate  the  seals 
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Lucite  compression 
joint 


Brass  bushings 
Rubber  "o"- rings 
Kovar  metal 


3/8  Diam.  lucite  rod 


¥  45/50 
glass  joint 


EDWARDS  N°C600 
rotary  shaft  vacuum  seal 


High  vacuum  grease 
Rubber  diaphragms 


Soldered  joint 


Pin  chuck 
to  grip  specimen 


Reaction  vessel 


Pyrex  to  Kovar 
graded  seal 


1/4"  Diam  stainless 
steel  shaft 


II 

Fig*  6  Details  of  seal  modifications  II  and  III 


III 
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through  which  the  linear  motion  of  the  stress  is  transmitted.  An  op¬ 
tical  glass  flat  (50  mm  diameter)  is  recessed  into  the  center  of  the 
vessel  to  allow  microscopic  viewing  of  the  specimen.  The  microscope 
is  fitted  with  a  Leitz  Ultropak  incident  light  illuminator  and  Achromat 
objectives  which  have  a  working  distance  of  either  26.3  or  33  mm, 
and  in  combination  with  a  25X  eyepiece,  allow  examination  at  mag¬ 
nifications  up  to  125X. 

Fig.  7a  is  a  photograph  of  the  reaction  vessel  (with  the  micro¬ 
scope  in  position)  using  the  seal  modification(I)  sketched  in  Fig.  5  . 

Seal  (I)  consists  of  a  cylindrical  Teflon  insert,  tapered  on  the  outside 
to  fit  a  10/30  tapered  glass  reducing  adapter.  The  specimen  passes 
through  a  hole  drilled  in  theTeflon  insert;  the  size  of  the  hole  is  crit¬ 
ical,  and  should  be  as  near  to  the  diameter  of  the  wire  as  possible,  in 
order  to  prevent  leakage  of  air  into  the  vessel.  Seal  (I)  is  simple  and 
non-reactive;  however,  the  attainment  of  a  high  vacuum  means  a  sacri¬ 
fice  in  the  reproducibility  of  the  applied  stress,  since  there  will  be  some 
frictional  drag  in  the  seal  if  the  hole  size  is  too  small  (even  though 
Teflon,  lubricated  with  high  vacuum  grease,  offers  very  little  resistance). 

In  Fig.  6  ,  only  the  details  of  modified  seals  (II)  and  (III)  are 
sketched,  the  reaction  vessel  being  the  same  as  in  Fig.  5.  Seal  (II) 
is  constructed  from  non-reactive  Lucite  plastic,  and  relies  upon  two 
double  sets  of  rubber  'O-rings'  for  its  vacuum  tightness.  The  wire 
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(c) 

Fig.  7  a)  Reaction  vessel  (for  wire  specimens)  in  operation 

using  seal  modification  I 

b)  Vacuum  system  "B";  stressed  strip  specimen  is 
visible  in  reaction  vessel  in  center  of  photograph 

c)  General  view  of  basic  pumping  system  and  controls 
used  for  vacuum  systems  "A"  and  "B" 


specimen  is  gripped  by  a  pin  chuck  which  is  threaded  into  the  end  of  a 
3/8"  diameter  Lucite  rod.  The  frictional  drag  exerted  on  this  rod  by 
the  smaller  set  of  'O-rings'  can  be  adjusted  by  means  of  the  Lucite 
compression  .  joint.  As  in  Seal  (I) ,  the  tightness  of  this  joint  necessi¬ 
tates  a  compromise  between  the  desired  vacuum  and  the  reproducibility 
of  the  applied  stress. 

Both  Seals  (II)  and  (III)  are  mounted  in  45/50  glass  joints  which 
are  fitted  with  Kovar  metal  cylinders  at  the  ends  opposite  the  glass 
taper.  Seal  (III),  which  is  joined  to  the  Kovar  by  a  soldered  joint,  is 
an  Edwards  No.  C600  rotary  shaft  vacuum  seal.  As  in  Seal  (II),  the 
wire  specimen  is  gripped  in  a  pin  chuck  fastened  to  the  end  of  a  1/4" 
diameter  stainless  steel  shaft  which  passes  through  the  body  of  the 
seal.  Vacuum  tightness  is  maintained  by  two  rubber  diaphragms  en¬ 
closing  an  annular  space  filled  with  high  vacuum  grease.  Although  this 
seal  is  primarily  designed  for  rotary  movement,  it  shows  very  little 
frictional  drag  for  the  small  linear  movements  required  in  this  applica¬ 
tion.  Its  chief  disadvantage  lies  in  its  metal  construction,  which  makes 
large  metallic  areas  available  for  reaction  with  the  corrosive  environ¬ 
ment.  To  a  lesser  extent,  this  disadvantage  also  applies  to  Seal  (II), 
since  the  pin  chuck  and  part  of  the  Kovar  cylinder  are  exposed. 


C  .  Loading  Device 

In  all  three  of  the  seal  modifications  described  above,  the  rod  or 
wire  protruding  through  the  upper  seal  was  securely  fastened  to  a  rigid 
frame  which  could  be  adjusted  in  the  horizontal  plane  in  order  to  position 
the  reaction  vessel  with  respect  to  the  vacuum  connection  . 

The  specimen  was  then  put  in  tension  by  a  direct  load  of  weights 
fastened  to  the  rod  or  wire  which  extended  through  the  bottom  seal. 

For  un-notched  specimens,  the  load  was  20  lbs  (about  18,000  psi). 

The  weight  was  reduced  to  5  lbs  for  notched  specimens;  no  attempt 
was  made  to  calculate  the  stress. 

D.  Procedure 

A  suitable  length  of  wire  was  cut,  etched  in  dilute  nitric  acid, 

washed  in  distilled  water,  rinsed  in  acetone,  dried  in  air  and  mounted 

in  the  test  chamber.  (A  few  specimens  were  notched  before  chemical 

cleaning  to  reduce  the  cross-sectional  area  to  about  two-thirds  of  the 

original  area.  This  notch  was  positioned  so  that  it  could  be  viewed 

through  the  microscope).  The  load  was  applied  before  the  seals  were 

_7 

tightgne d .  The  system  was  then  evacuated  to  about  10  torr,  and  the 
reaction  gas  or  gases  admitted  from  a  storage  bulb.  In  all  tests  the 
original  pressure  of  the  gas  or  gas  mixture  was  one  atmosphere;  ex¬ 
pansion  into  the  test  chamber  resulted  in  an  estimated  pressure  of  about 


50  cm  Hg. 
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3.  EXPERIMENTS  WITH  STRIP  SPECIMENS 

A.  Vacuum  System  'B* 

Because  of  the  problems  encountered  in  transmitting  a  reproduc¬ 
ible  stress  to  the  wire  specimens  in  vacuum  system  'A',  and  because  of 
the  failure  to  produce  cracking  in  purely  gaseous  atmospheres,  modifi¬ 
cations  were  made  to  the  apparatus  to  allow  a  stressed  strip  specimen 
to  be  totally  enclosed  in  a  reaction  vessel,  thus  obviating  the  need  for 
a  seal.  Under  these  conditions  the  system  could  be  evacuated,  the  sur¬ 
face  of  the  specimen  treated  with  a  stream  of  hot  hydrogen;  and  a  cor¬ 
rosive  solution  could  be  admitted  in  a  controlled  atmosphere. 

A  schematic  diagram  of  the  modified  system  is  shown  in  Fig.  8  . 
The  basic  pumping  system  is  the  same  as  in  Fig.  4  ,  with  pumps  Pj 
and  P^  providing  the  means  for  evacuating  the  reaction  vessel  B,  which 
is  connected  directly  to  the  system  by  tap  T£3’  this  eliminates  the  ball 
joint  1^  which  was  a  source  of  many  air  leaks.  Pump  P^  is  used  for 
roughing  out  the  reaction  vessel  when  flushing  with  argon,  which  is  ad¬ 
mitted  at  1^;  an  additional  thermocouple  gauge  is  used  for  pressure 
measurement  during  the  flushing  procedure.  Hydrogen  is  admitted  at 
I^  through  a  three-way  tap  T^  and  a  tapered  joint  1^;  unreacted  hydrogen 
and  water  vapor  are  vented  to  atmosphere  (where  the  hydrogen  is  burned) 
through  I^. 


14 


Fig.  3 


Schematic  diagram  of  vacuum  system  "B 


T 
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For  ease  in  leak  testing,  a  palladium  barrier  leak  detector  L.D. 
and  accompanying  cold  trap  are  connected  to  the  system  via  T^* 

General  views  of  the  system  and  accompanying  controls  are 
shown  in  Figs.  7b  and  7c. 

B.  Reaction  Chamber 

The  reaction  chamber  (Fig.  9  )  is  a  Pyrex  cylinder  (70  mm  diam¬ 
eter  x  300  mm  long)  fitted  at  both  ends  with  71/60  tapered  glass  joints 
for  dismantling,  and  an  inlet  1^  through  which  a  tapered  tube  with  a 
10/30  joint  can  be  inserted  to  admit  either  hydrogen  gas  (via  needle 
valve  N)  or  a  corrosive  solution  from  the  separatory  funnel  S  by  means 
of  a  three-way  tap  T^. 

Tygon  tubing  encircling  both  ends  of  the  reaction  chamber  permit 
water  cooling  of  the  greased  joints  to  prevent  vaporization  of  the  vacuum 
grease  (Apiezon  T)  during  heating  of  the  tube. 

The  stressed  specimen,  which  is  mounted  in  a  glass  cup,  slides 
on  a  flat  glass  'platform'  and  can  be  manipulated  from  outside  the  vessel 
by  means  of  a  magnetic  pushing  device  sealed  in  glass  which  easily  re¬ 
sponds  to  the  influence  of  another  magnet  placed  against  the  exterior 
wall  of  the  vessel. 

The  specimens  are  heated  by  radiation  from  three  250-watt  infra¬ 
red  heat  lamps.  During  heating,  aluminum  foil  is  wrapped  around  the 
vessel  and  lamps  in  order  to  increase  the  heating  efficiency;  the  temp¬ 
erature  in  the  vessel  reaches  250  -  300°C. 
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Fig.  9 


Details  of  reaction  chamber  (for  strip  specimens) 
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C.  Procedure  for  Experiments  in  Vacuum  System  'B' 

Brass  strips  were  cleaned  by  immersion  in  45%  nitric  acid  solution 
for  25  -  30  seconds;  they  were  then  washed  in  distilled  water,  rinsed 
in  acetone,  dried  in  air,  bent  and  mounted  in  the  5  ml  glass  cups. 
Specimens  and  cups  were  handled  with  rubber  gloves  or  absorbent  tissue 
to  avoid  contamination  of  the  samples.  Fig.  10a  shows  the  stressed 
specimen  in  what  will  be  referred  to  as  the  'normal'  position;  in  Fig.  10b 
the  specimen  has  been  inverted  in  a  second  glass  cup  and  supported  by 
a  rectangular  glass  block  so  that  the  curved  surface  of  the  brass  is 
about  4  mm  above  the  bottom  of  the  glass  cup. 


b)  'inverted'  position 
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After  cleaning  and  mounting  the  specimen  in  the  'inverted* 
position,  it  was  placed  in  the  reaction  vessel  and  pushed  to  a  position 
under  the  heat  lamps  with  the  magnetic  manipulator.  The  vessel  was 
then  pumped  down  to  about  30  microns  Hg  through  the  roughing  line  R 
(Fig.  8  );  tap  T^  was  then  closed  and  argon  admitted  through  to 
bring  the  pressure  up  to  atmospheric.  This  flushing  procedure  was 
repeated  three  times.  Taps  T 24  and  T25  were  then  closed,  T23  opened, 

n 

and  the  vessel  evacuated  to  about  10"'  torr.  T23  was  then  closed  and 

hydrogen  slowly  admitted  through  needle  valve  N  and  T  ,  .  When  the 

Zb 

pressure  in  the  vessel  reached  atmospheric,  the  unreacted  hydrogen 
was  exhausted  to  the  atmosphere  at  I4  and  burned.  As  soon  as  a  steady 
flow  of  hydrogen  was  obtained,  water  was  circulated  through  the  cooling 
coils  and  the  heat  lamps  turned  on.  Additional  cooling  of  the  ends  of 
the  vessel  was  provided  when  needed  by  means  of  two  cold-air  'guns' 
mounted  above  the  apparatus.  During  the  hydrogen  reduction  procedure 
a  wire  mesh  safety  shield  was  suspended  in  front  of  the  equipment. 

While  the  surface  of  the  specimen  was  being  treated  with  the  hot 
hydrogen,  the  cracking  solution  was  prepared  and  transferred  to  the 
separatory  funnel  S  which  was  connected  to  tap  ^26  a  short  piece 

of  Tygon  tubing.  At  the  conclusion  of  the  hydrogen  reduction,  the  heat 
lamps  were  turned  off,  but  the  flow  of  hydrogen  was  continued  until  the 
vessel  cooled  to  room  temperature.  The  hydrogen  flow  was  then  stopped, 


: 
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and  the  cracking  solution  admitted  through  inlet  tube  1^  into  the  glass 
cup  containing  the  stressed  specimen.  In  some  of  the  tests,  the  first 
few  ml  of  solution  were  caught  in  an  empty  glass  cup  and  used  as 
blanks  to  follow  pH  changes. 

The  time  at  which  the  solution  contacted  the  specimen  was  re¬ 
corded  as  zero  time;  visual  observations  were  made  at  frequent  time 
intervals  until  the  specimen  showed  visible  cracking,  at  which  time 
it  was  removed  from  the  apparatus,  washed  in  water,  dried  and  stored 
for  examination. 

Variations  in  the  above  procedure  included  the  substitution  of 
argon  for  hydrogen  during  the  heating  period;  and  the  replacement  of 
hydrogen  by  oxygen,  argon,  air  and  carbon  dioxide  before  the  solution 
was  admitted. 

D.  Procedure  for  Reactions  in  Aqueous  Solutions 

Strip  specimens  were  prepared  in  the  same  manner  as  described 
above,  and  placed  in  the  'normal*  position  in  a  test  tube  (29  mm  O.D.) 
containing  25  ml  of  the  cracking  solution;  the  specimen  was  completely 
covered  by  the  solution.  Inverting  the  specimen  did  not  change  the 
cracking  time,  nor  did  stirring  (at  room  temperature);  consequently, 
all  reactions  were  carried  out  in  the  'normal'  position,  in  unstirred 
solutions.  Unstressed  brass  strips  were  also  completely  immersed  in 
25  ml  of  cracking  solution  in  a  20  mm  diameter  test  tube. 
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The  majority  of  the  tests  were  carried  out  in  solutions  contain¬ 
ing  CuSO/j.  5H^O  and  (NH^^SO^  adjusted  to  the  desired  pH  with  ap¬ 
proximately  IN  NH^OH.  Because  ageing  phenomena  have  been  reported 
in  basic  solutions  of  this  type,^  ^  ^  separate  stock  solutions  of 

1. 5M  (NH^^SO^.  and  0.  15M  CuS04*  SH^O  were  made  up,  and  the  actual 
mixing  of  these  and  pH  adjustment  were  always  carried  out  immediately 
before  a  test.  In  some  of  the  runs,  a  visible  spectrum  and  a  polarogram 
of  each  solution  were  recorded  before  and  after  the  tests.  Cracking 
time  (tc)  was  taken  as  the  time  interval  between  immersion  of  the 
specimen  and  the  first  appearance  of  cracking  visible  to  the  naked  eye. 

pH  measurements  were  made  with  a  Beckman  Zeromatic  pH 
Meter  which  gave  results  reproducible  to  ^.0.03  pH  units,  or  with  a 
Radiometer  Model  4  pH  Meter  ,  which  had  a  reproducibility  of  ±0.00  5 
pH  units . 

4.  ANALYTICAL  TECHNIQUES 
A.  Polarography 

A  polarographic  technique  was  selected  as  the  most  rapid  and 
precise  means  of  simultaneously  determining  the  total  copper  and  zinc 
concentrations  in  test  solutions.  Both  copper  and  zinc  ions  give  well- 
defined  reduction  waves  in  NH4Cl-NH4OH  supporting  electrolytes,  and 
since  no  interfering  ions  are  present,  no  preliminary  treatment  of  the 


unknown  solution  is  necessary.  The  diffusion  currents  (  at  the  half¬ 
wave  potentials)  obtained  for  unknown  solutions  are  compared  with 
the  currents  obtained  for  standard  solutions. 

Details  of  the  procedure,  adapted  from  a  method  described  by 
(171) 

Tyler  and  Brown,  are  as  follows: 

a)  Standard  Brass  Solution  --  contained  approximately  0.05M  Cu. 
(as  CuSO^ySk^O)  and  O.OZM  Zn  (as  ZnSO^^H^O).  The  exact 
copper  content  was  determined  volumetrically  by  the  iodine - 
thiosulfate  method  (using  starch  indicator),  and  the  zinc 
content  determined  by  titration  of  the  same  sample  with  0.0500N 
EDTA  (using  xylenol  orange  indicator). 

b)  Supporting  Electrolyte  --  was  made  1M  with  respect  to  NH^Cl 
and  1 . 5M  in  NH^OH;  it  also  contained  76.7  gms/liter  Na2SO  g 
to  eliminate  dissolved  oxygen,  and  0.67  gms/liter  of  gelatin 
to  suppress  any  polarographic  maxima.  Because  this  solution 
deteriorates  in  contact  with  air,  it  was  renewed  weekly  and 
kept;  tightly  corked  when  not  in  use. 

c)  Tarnish  'solvent'  --  The  solution  used  to  dissolve  brass  tarnish 
for  analysis  contained  80  gms/liter  (NH4)2S20g  and  was  1.5M 
in  NH^OH. 

d)  Standard  Persulfate  Solution  --  43.8  gms  (NH4)2S2°8  anc*  ^  ml 
cone.  NH4OH  were  diluted  to  250  ml  with  distilled  water. 
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The  polarograph  is  a  Radiometer  Model  P03  Polariter  equipped 
with  an  automatic  voltage  scanning  device  coupled  to  a  recorder  which 
allows  automatic  recording  of  the  diffusion  currents  over  a  two -volt 
potential  range.  The  polarographic  cell  consists  of  a  conventional 
dropping-mercury  cathode,  with  a  saturated  calomel  reference  electrode 
connected  to  the  cell  through  a  KC1  salt  bridge. 

The  analytical  procedure  is  as  follows:  3.0  ml  of  standard  or 
unknown  solution  are  placed  in  the  polarographic  cell,  and  15.0  ml 
supporting  electrolyte  are  added.  The  solution  is  allowed  to  stand 
for  five  to  ten  minutes  to  allow  for  elimination  of  dissolved  oxygen. 
Provision  is  made  for  a  blanket  of  nitrogen  to  be  maintained  on  the 
surface  of  the  solution  in  the  polarographic  cell.  The  instrument  was 
set  to  measure  diffusion  currents  while  the  voltage  was  varied  from 
0.0  to  -2.0  volts  (vs.  SCE).  A  bank  of  resistors  in  the  current  meas¬ 
uring  circuit  permits  a  change  in  the  sensitivity;  in  this  way  concen¬ 
trations  down  to  10“'^M  may  be  detected.  Fig.  11  shows  a  typical 
polarogram  obtained  for  the  standard  brass  solution.  The  diffusion 
current  ij  was  measured  graphically  as  the  wave  height  at  the  half-wave 
potential  of  each  ion  ( -0.63V  for  Cu,  -1.51V  for  Zn).  The  wave  height 
is  defined  as  the  vertical  distance  between  the  straight  lines  approxi¬ 
mating  the  residual  and  the  diffusion  current. 
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Fig.  11  Typical  polarogram  of  standard  bras  s  solution 


Because  the  diffusion  current  is  temperature -sensitive ,  measure 
ments  were  carried  out  in  a  thermostatically  controlled  room,  and 
at  least  one  polarogram  of  a  standard  solution  was  made  during  each 
'batch'  of  analyses. 

In  order  to  determine  the  composition  of  the  black  tarnish  formed 
on  brass  in  the  copper-ammonia  cracking  solutions,  a  weighed  amount 
was  scraped  from  a  specimen  and  dissolved  in  5  „  0  mi  of  the  tarnish 
'solvent';  this  solution  was  mixed  with  15.0  ml  supporting  electrolyte 
and  the  resulting  polarogram  compared  with  a  standard  polarogram 
obtained  from  a  solution  containing  3.0  ml  standard  brass  solution, 

2.0  ml  standard  persulfate  solution  and  15.0  ml  supporting  electrolyte. 
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B.  Spectrophotometry 

Spectrophoto metric  determinations  of  the  copper-ammonia  com¬ 
plexes  present  in  the  test  solutions  were  carried  out  with  a  Perkin- 
Elmer  Model  350  double-beam,  recording  spectrophotometer,  using 
a  tungsten  incandescent  light  source.  The  sample  cells  had  a  path 
length  of  1 . 0  cm;  water  was  used  as  a  reference.  Absorption  meas¬ 
urements  were  made  in  the  visible  wavelength  range  (350  -  750  rryu). 

A  plot  of  absorbance  (  at  A  =  630  rryu)  vs.  copper  concentration  in  cop¬ 
per-ammonia  solutions  of  pH  7.  10  (Fig.  1Z)  shows  the  expected  negative 
deviation  from  Beer's  Law,  at  copper  concentrations  greater  than 
0.02M.  Because  of  this  deviation,  only  semi-quantitative  comparisons 
could  be  made  between  test  solutions  of  similar  pH  values. 

The  wavelength  of  the  absorption  peak  in  the  test  solutions  was 
correlated  with  the  number  of  NH^  groups  in  the  colored  copper(II)- 
ammine  complexes  by  comparison  with  the  absorption  spectra  published 
by  Bjerrum  et  ali172^(Fig.  13).  Because  the  molar  absorptivities 
of  the  different  complexes  vary  widely,  no  quantitative  comparisons 
could  be  made  between  solutions  having  differing  absorption  peaks. 

C.  X-ray  Diffraction 

X-ray  diffraction  patterns  of  the  surfaces  of  tarnished  brass 
strips  and  of  tarnish  powder  samples  were  obtained  on  a  Philips 
X-Ray  Diffractometer  using  copper  Ka  radiation  and  aGeiger  tube 
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Fig.  13  Absorption  spectra  of  copper(II) -ammonia  complexes 

in  2M  NH4N03,  after  Bjerrum  et  al^172);  a)  Cu  \  ^ 

b)  Cu(NH3)*,  c)  Cu(NH3)^  ,  d)  Cu(NH3)3  ,  e)  Cu(NH3)4  , 
f)  Cu(NH3)++ 
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RESULTS  AND  DISCUSSION 

1.  PRELIMINARY  EXPERIMENTS  WITH  WIRE  SPECIMENS 

Since  many  of  the  industrial  failures  of  brass  by  stress  corrosion 
have  been  ascribed  to  'atmospheric'  traces  of  ammonia,  it  was  initially 
hoped  that  the  reaction  could  be  conveniently  studied  in  the  gas  phase, 
with  the  expectation  that  the  adsorption  isotherms  obtained  for  the 
various  combinations  of  reactant  gases  would  give  an  insight  into  the 
mechanism  of  stress  corrosion  failure.  However,  using  the  equipment 
described  in  Experimental  Methods,  Section  Z,  no  cracking  was  ob¬ 
served  for  wire  specimens  stressed  in  the  following  gaseous  environ¬ 
ments  (at  room  temperature)  for  ZOO  hours: 

a)  dry  ammonia  (<50  ppm  water)  at  pressures  up  to  one  atmos. 

b)  ammonia  saturated  with  water  vapor  (Ppj^Q  =  35  mm  Hg)  at 
pressures  up  to  50  cm  Hg 

c)  ammonia  plus  oxygen  (Pjqpj^  =  Pq^  =  25  cm  Hg)  plus  water 
vapor  (Ph2o=  35  mm  Hg^ 

d)  ammonia  plus  air  (Pi\fH^=  Pair  =  ^5  cm  plus  water 


vapor  (Phzo  =  35  mm  Hg^ 


=  Z5  cm  Hg) 


e)  ammonia  plus  carbon  dioxide  (PNH  -  P^q  : 

These  results  show  that  direct  adsorption  of  ammonia  molecules 
from  the  gas  phase  does  not  produce  cracking  within*  ZOO  hours  even 
when  small  amounts  of  water  are  present.  Since  the  subsequent 
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experiments  showed  that  the  cracking  is  related  to  the  presence  of 
ionic  copper -ammine  complexes,  it  can  be  assumed  that  cracking  in 
gaseous  atmospheres  can  occur  only  if  enough  water  is  present  to 
provide  a  film  of  electrolyte  in  which  the  copper -ammine  complexes 
can  be  formed  and/or  transported  to  suitable  reaction  sites  on  the 
metal  surface.  It  is  clear  that  the  chemistry  of  brass -ammonia 
stress  corrosion  cracking  is  not  suited  to  study  in  gaseous  environ¬ 
ments;  metallurgical  factors  affecting  the  rate  of  cracking  may  be 
studied  if  the  testing  conditions  are  such  that  a  reproducible  amount 
of  electrolyte  is  present  on  the  surface  of  the  test  specimens,  although 
such  reproducibility  may  be  difficult  to  achieve. 

It  should  be  noted  that  much  of  the  ealier  work  on  the  brass- 
ammonia  system  was  done  in  the  vapor  phase  above  solutions  of  am¬ 
monia.  It  is  not  surprising  that  under  these  conditions  the  influence 
of  other  gases,  especially  carbon  dioxide,  was  not  clearly  defined, 
because  in  addition  to  the  necessary  presence  of  an  aqueous  film,  one 
must  add  a  co -requisite ,  viz.  the  proper  solution  pH  (as  shown  by 
Matts  soil  .  Thus  Hoar^^^  has  suggested  that  the  presence  of 
carbon  dioxide  promotes  cracking  by  buffering  the  solution  to  a  pH 
of  about  7.3,  which  would  account  for  the  observations  of  Edmunds 

et  al.^1^  On  the  other  hand,  if  large  amounts  of  C02  are  present, 

(15  5) 

as  in  the  experiments  of  Johnston'  ,  the  formation  of  copper 
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carbonate  is  thermodynamically  more  favorable  than  the  formation 
of  the  copper(II)  -tetrammine  complex  (AG^uC03  =  -123.8  kcals/mole, 

=  "^7  •  4  kcals/mole),  and  no  cracking  would  be  expected, 
as  Johnston  found, 

2.  EXPERIMENTS  WITH  STRIP  SPECIMENS 

A.  Effect  of  Gaseous  Environments 

After  redesigning  the  testing  system  to  accomodate  stressed 
strip  specimens  as  previously  described  (Experimental  Methods, 
Section  3),  several  qualitative  experiments  were  carried  out  using 
copper -ammonia  solutions  of  the  type  described  by  Mattsson*.^)  It 
will  be  shown  later  that  the  cracking  time  in  these  solutions  is  de¬ 
pendent  not  only  on  the  pH  but  also  on  the  initial  concentration  of 
copper -ammine  complexes;  for  this  reason  the  comparison  of  results 
in  this  section  will  be  confined  to  solutions  having  approximately  the 
same  pH  (7.  1)  and  the  same  initial  concentration  of  reactants 
(Cu  =  0.05M,  total  NH^  =  1.3M).  A  summary  of  the  results  is 
shown  in  Table  III. 

The  first  objective  of  this  group  of  experiments  was  to  produce 
as  clean  a  metal  surface  as  possible  before  introducing  the  cracking 
solution.  This  was  accomplished  by  flushing  the  reaction  chamber 

_7 

with  argon,  evacuating  to  10  torr,  and  subsequently  reducing  any 
surface  oxide  on  the  specimen  by  treatment  with  hydrogen  at  a 


• ; 


temperature  of  about  300°C.  It  became  apparent  in  the  initial  tests 
that  heating  the  specimen  to  this  temperature  for  four  hours  resulted 
in  a  partial  annealling  of  the  specimen,  which  prolonged  its  life  con¬ 
siderably;  this  can  be  seen  by  comparing  tests  (a)  and  (b)  in  Table  III. 
In  (a),  the  specimen  was  cleaned  chemically,  and  mounted  in  the’in- 
verted'  position  in  a  glass  cup  containing  3.0  ml  of  the  cracking 
solution,  with  no  heating  period  or  special  treatment  of  the  solution. 
The  cracking  time  was  about  42  minutes,  compared  with  342  minutes 
for  test  (b)  in  which  the  specimen  was  subjected  to  a  four -hour  heating 
period  in  argon  before  introduction  of  the  cracking  solution.  The 
eight-fold  increase  in  cracking  time  illustrates  the  pronounced  bene¬ 
ficial  effect  of  stres s -relieving ,  even  at  relatively  low  temperatures. 

The  elimination  of  dissolved  air  from  the  cracking  solution  had 
no  significant  effect,  as  shown  by  comparison  of  tests  (b)  and  (c). 

Tests  (d)  and  (e)  show  the  effect  of  reducing  the  surface  oxides 
of  the  specimen  before  introducing  de-aerated  (test  (d))  or  oxygenated 
(test  (e))  cracking  solution.  It  is  surprising  that  the  reduction  in 
hydrogen  had  so  great  an  effect  (viz.  ,  a  three-fold  decrease  in  crack¬ 
ing  time  as  compared  with  tests  (b)  and  (c)) ,  since  the  amount  of 
oxide  film  on  the  specimens  after  chemical  cleaning  should  not  have 
exceeded  about  50-75  1  in  thickness,  and  was  probably  less.  (This 
estimate  is  based  on  the  following  facts:  the  specimens  were  exposed 
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to  the  laboratory  atmosphere  for  less  than  15  minutes  between 
chemical  cleaning  and  mounting  in  the  apparatus;  the  oxidation  re¬ 
sistance  of  70Cu-30Zn  is  higher  than  that  of  copper;^^^  the  oxide 
thickness  produced  in  the  dry  oxidation  of  copper  at  Z5°C  is  less 
than  100  ft  over  a  period  of  months;^  ^  and  the  oxide  film  pro¬ 
duced  on  copper  in  oxygenated  water  is  about  70  ft  in  one  hour.  (17^) 
One  possible  explanation  is  that  the  heating  period  in  argon  may  have 
slightly  thickened  the  oxide  film  on  the  specimen  (assuming  some 
oxygen  contamination  in  the  argon),  and/or  the  composition  of  the 
oxide  film  may  have  been  changed  from  predominantly  Cu^O  to  a 
mixture  of  Cu^O  and  ZnO  (this  type  of  change  has  been  reported  for 
alpha  brass  heated  to  450°C^^^). 

The  most  significant  result  of  tests  (d)  and  (e)  was  the  fact  that 
changing  from  a  de-aerated  solution  to  an  oxygen-saturated  solution 
made  no  difference  in  the  cracking  time.  It  was  thus  concluded  that 
dissolved  oxygen  does  not  take  part  in  the  chemical  reaction  between 
the  cracking  solution  and  the  stressed  metal  in  solutions  of  the  type 
used  in  these  tests. 

One  example  of  the  effect  of  carbon  dioxide  is  shown  in  Table  III 
as  test  (f);  in  this  particular  test,  carbon  dioxide  was  introduced  into 
the  test  chamber  after  the  hydrogen  reduction  period,  and  before  the 
solution  was  admitted.  The  color  of  the  cracking  solution  quickly 
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changed  from  dark  blue  to  very  light  blue  when  admitted  to  the  re¬ 
action  vessel;  this  color  change  corresponds  to  a  decrease  in  pH  and 
a  change  in  the  copper-ammine  complex,  as  will  be  shown  later.  The 
increased  cracking  time  in  the  CO^  atmosphere  is  related  to  this 
pH  change,  as  was  mentioned  in  the  previous  section.  It  should  be 
mentioned  that  the  cracking  times  in  CO^  atmospheres  were  difficult 
to  reproduce  because  of  the  seemingly  variable  amounts  of  CO2  ab¬ 
sorbed  by  the  cracking  solutions  as  they  were  introduced  through  the 
solution  inlet  tube. 

One  other  experiment,  test  (g),  is  included  in  Table  III  because 
of  its  significance  with  respect  to  the  proposed  cracking  mechanism 
involving  adsorption  of  surface -active  compounds.  In  test  (g)  the 
specimen  was  placed  in  the  'normal*  position  before  reduction  with 
hydrogen,  so  that  when  the  solution  was  admitted  to  flie  glass  cup, 
only  the  'legs'  of  the  specimen  contacted  the  solution.  No  cracks 
were  observed  in  the  stressed  portion  of  the  specimen  in  four  days, 
although  the  'legs'  showed  the  usual  black  tarnish  that  formed  in 
solutions  of  this  pH.  This  was  taken  to  show  that  if  a  surface -active 
compound  is  responsible  for  the  cracking,  it  is  only  produced  where 
the  metal  is  in  contact  with  bulk  solution;  otherwise  one  would  expect 
rapid  surface  diffusion  of  the  surface -active  substance  over  the  whole 
surface  of  the  specimen,  with  subsequent  cracking  at  suitable  reaction 
sites  on  the  highly  stressed  portions  of  the  specimen. 
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B.  Composition  of  Tarnish 

The  black,  shiny  tarnish  formed  on  brass  immersed  in  copper  - 

ammonia  cracking  solutions  (pH  7.1)  was  tentatively  identified  as 

( 1  67)(  168) 

C^O  by  Mattsson  only  on  the  basis  of  microscopic  exam¬ 
ination.  Forty  and  Humble  in  their  study  on  the  nature  of  the 

tarnish,  also  suggested  that  it  was  most  probably  composed  of  cuprous 
oxide,  on  the  basis  of  ring  patterns  obtained  during  electron  dif¬ 
fraction  of  tarnish  flakes  that  had  been  damaged  by  mishandling  or 
by  heating  and  curling  in  the  electron  beam. 

In  the  present  work,  the  existence  of  CU2O  as  the  major  con- 
stiuent  in  the  tarnish  has  been  definitely  established  by  means  of 
X-ray  diffraction  patterns  obtained  from  tarnished  brass  strips  and 
from  tarnish  powder  scraped  from  brass  specimens.  This  result 
was  confirmed  by  a  polarog raphic  analysis  of  the  tarnish  powder: 
in  a  5.93  mg  sample,  0.074  mM  Cu  and  0.005  mM  Zn  were  detected; 
expressed  as  CU2O  and  ZnO,  this  gives  5.29  mg  and  0.41  mg,  re¬ 
spectively,  or  a  total  of  5.70  mg,  which  agrees  satisfactorily  within 

the  limits  of  experimental  error. 

The  presence  of  ZnO  in  the  tarnish  could  not  be  definitely 
established  by  X-ray  diffraction,  since  the  line  of  strongest  intensity 
for  ZnO  is  coincident  with  a  line  of  strong  intensity  for  Cu^O;  no  other 
lines  corresponding  to  ZnO  were  detected,  but  this  could  simply  be 
due  to  the  relatively  small  amount  present  in  the  sample. 


94 


It  should  be  noted  that  the  X-ray  diffraction  patterns  of  un¬ 
tarnished  brass  strips  showed  a  strong  preferred  orientation,  with 
the  (220)  plane  parallel  to  the  rolling  plane.  The  Cu^O  pattern  ob¬ 
tained  on  tarnished  strips  also  showed  preferred  orientation,  indi¬ 
cating  that  the  Cu^O  is  formed  from  copper  atoms  in  the  metal 
lattice,  and  not  as  a  buildup  of  a  surface  film.  This  confirms  the 
work  of  Forty  and  Humble'  who  found  that  the  tarnishing  reaction 

penetrates  inwards,  with  no  gross  changes  in  the  volume  or  shape 
of  the  specimen,  and  suggested  that  the  outwards  diffusion  of  zinc 
provides  the  accomodation  for  the  oxygen. 

C  .  Effect  of  pH 

In  Matts  son 1 68)  studies  on  the  effect  of  pH  on  cracking 
time  in  copper -ammonia  solutions,  the  most  rapid  cracking  was 
found  to  occur  in  the  pH  range  7.0  -  7.3,  and  for  this  reason  solutions 
having  a  pH  of  about  7.  1  were  used  in  the  experiments  described  in 
the  preceding  section.  However,  in  attempting  a  more  precise  study 
of  the  effect  of  pH  in  the  range  5.0  -  8.0  (using  the  procedure  described 
in  Experimental  Methods,  Section  3D),  we  found  that  the  most  rapid 
cracking  occurred  over  the  pH  range  6.0  -  7.0  ,  as  shown  in  Fig.  14. 
Our  solutions  did  not  show  the  ageing  effects  (precipitation  of  basic 
copper  sulfate)  reported  by  klattsson,  and  were  used  immediately  after 
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Fig.  14  Cracking  time  vs.  pH  (solid  circles)  for  stressed  brass 

strips  in  copper-ammonia  solutions  (Cu-0.04M,  total 
ammonia  =  1.5M)  at  22.5°C;  pH  vs.  n  (open  circles),  the 
average  number  of  complex-bound  NHj  groups  per  Cu  atom 


AVERAGE  NUMBER  OF  COMPLEX -BOUND  NH ->  GROUPS  PER  COPPER  ATOM 


1 


. 


being  prepared,  rather  than  after  a  storage  period,  so  this  may 
explain  the  difference  in  results,  although  it  is  not  clear  why  the 
precipitation  phenomena  did  occur  at  all  in  Matts  son's  solutions. 

Fig.  14  is  a  composite  of  runs  made  using  two  different  pH  meters; 
the  tests  made  with  the  more  accurate  meter,  which  had  a  repro¬ 
ducibility  of  4-0.  005  pH  units,  are  also  shown  in  tabular  form  in 
Table  IV,  along  with  the  pH  measurements  made  on  a  blank  solution, 
and  individual  duplicate  solutions  containing  unstressed  and  stressed 
samples.  These  pH  measurements  show  that,  in  the  pH  range  6.0  - 
7.3,  where  the  cracking  time  is  relatively  short  (from  50  -  100  min), 
there  is  a  small  but  definite  decrease  in  pH  (over  and  above  the  pH 
decrease  occurring  in  the  blank  solution)  during  the  time  in  which 
the  specimens  were  exposed  to  the  solutions,  and  this  decrease  is 
greater  in  solutions  containing  unstressed  specimens  than  in  those 
containing  stressed  specimens.  This  will  be  discussed  later. 

Superimposed  on  the  plot  of  pH  vs.  cracking  time  in  Fig.  14 
is  a  plot  of  pH  vs.  n,  the  average  number  of  complex-bound  NH3 
groups  per  copper  atom.  The  formation  of  the  familiar  dark  blue 
copper(II) -tetrammine  complex  Cu(NH3)4  in  solutions  such  as  the 
ones  used  in  these  tests,  can  be  regarded  as  the  stepwise  addition  of 
NH^  ligands  to  the  cupric  cation  as  the  pH  is  increased  to  give  a 
higher  concentration  of  available  NH3  groups  from  the  dissociation 


Effect  of  pH  on  cracking  of  stressed  brass  strips  in  coppe r -ammonia 
solutions  (Cu  =  0.04M,  total  NH^  =  1.5M)  at  22.5°C. 
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of  NH^.  The  method  used  for  calculating  n  has  been  given  by 

/ 1 7  o  \ 

Bj errum/  '  and  is  outlined  in  Appendix  B.  From  Fig.  14,  it  can 
be  seen  that  the  most  rapid  cracking  occurs  in  solutions  where  n 
is  about  1.5  -  3,  i.e.  ,  in  solutions  where  the  copper(II) -ammine 
complexes  are  present  as  Cu(NH3)t+  Cu(NH3)3t  Cu(NH3)3t  or 
mixtures  of  these. 

In  order  to  check  the  values  obtained  for  n  against  those 
previously  reported  in  the  literature,  the  spectra  of  the  various 
test  solutions  were  recorded  before  each  test,  and  the  absorption 
peaks  compared  with  those  shown  in  Fig.  13.  TablelV  includes 
the  n  values  calculated  for  a  number  of  runs,  and  the  corresponding 
observed  absorption  peak  wavelength.  In  Fig.  15,  these  wavelengths 
are  plotted  as  solid  circles,  while  the  open  circles  represent  the 
values  of  the  peaks  in  Fig.  13  (after  Bjerrum  et  al.  It  can 

be  seen  that  the  agreement  is  good,  and  that  there  is  an  almost 
linear  decrease  in  n  with  increasing  wavelength  of  the  absorption 
peak  (about  0.  1  n  per  5  r^i). 

The  results  of  the  spectra  obtained  on  solutions  in  the  pH  range 
6.0  -  7.3  (corresponding  to  the  solutions  listed  in  TablelV)  are  shown 
in  Table  V.  The  insignificant  differences  between  initial  and  final 
absorption  peak  wavelengths  are  due  primarily  to  the  short  reaction 
time.  For  the  solutions  in  which  cracking  occurred  most  quickly, 
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Fig-  15  Wavelengths  of  ftie  absorption  peaks  of  the  copper  (II)- 

ammonia  complexes,  Cu(NH^ ,  vs.  n,  solid  circes, 
present  work;  open  circles,  after  Bjerrum  et  al' 
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Table  V 


Absorption  spectra  of  test  solutions  listed  in  Table  IV 
A  =  wavelength  of  absorption  peak,  mp 
A  =  absorbance  at  A 


F  inal 

C  rackin 

Initial 

Stres  sed 

Un  stres  sed 

time  /  mir 

pH 

A  1 

A 

A 

A 

A 

A 

6.  00 

715 

.  80 

715 

.  80 

715 

.  80 

52  +  2 

6.50 

680 

.91 

685 

.90 

685 

.  89 

48  +  2 

6.  80 

660 

.97 

660 

.96 

660 

.  95 

42  +  3 

6.90 

655 

.99 

660 

.97 

660 

.95 

49  ±  1 

7.00 

650 

1.00 

650 

.98 

65  0 

.98 

57  +  2 

7.  10 

640 

1.01 

645 

1.01 

645 

1.01 

85+3 

7.20 

635 

1.03 

640 

1.04 

640 

1. 04 

86+4 

7.  30 

630 

1.03 

635 

1.05 

635 

1. 05 

102  +  5 
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there  appeared  to  be  almost  always  a  greater  reduction  (about  1%) 

in  absorption  in  the  solutions  containing  unstressed  samples,  as 

compared  with  solutions  containing  stressed  samples.  The  last 

four  columns  of  Table  IV  show  the  results  of  polarographic  analyses 

on  the  test  solutions.  It  should  be  borne  in  mind  that  the  solutions 

initially  contained  about  0.04M  dissolved  copper,  so  that  an  increase 

of  0.001M  represents  the  smallest  change  in  copper  concentration 

that  could  be  detected  within  the  limits  of  experimental  error.  The 

-4 

lower  limit  of  sensitivity  for  zinc  was  about  5  x  10  M. 

It  is  apparent  that  for  all  the  solutions  except  the  one  at  a 
pH  of  8.00,  there  was  only  a  slight  increase  in  total  dissolved  copper 
(about  0.003M),  and  barely  detectable  traces  of  zinc.  No  significant 
differences  in  analyses  of  solutions  containing  stressed  and  unstressed 
samples  are  evident. 

At  a  pH  of  8.00  (and  at  higher  pH  values),  some  general  cor¬ 
rosion  occurs;  the  results  in  Table  IV  show  that  at  pH  8.  00,  the 
increase  in  soluble  copper  and  zinc  in  the  test  solutions  is  slightly 
greater  for  the  stressed  than  the  unstressed  sample.  The  copper/ 
zinc  ratio  for  this  increase  is  about  the  same  as  the  copper/zinc 
ratio  in  the  brass,  suggesting  that  this  is  a  fairly  uniform  general 


corrosion. 
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The  photomicrographs  in  Fig.  16  show  the  three  general  types 
of  cracking  encountered  over  the  pH  range  5.0  -  8.0.  At  pH  5 . 0  (Fig.  16a) 
the  cracks  were  blunt,  relatively  shallow  (apart  from  the  crack  leading 
to  failure)  and  showed  no  preference  for  inter-  or  transgranular  paths. 

In  contrast,  the  cracks  which  occurred  in  the  pH  range  6.0  -  7.5  were 
almost  exclusively  intergranular;  they  were  narrow  in  section,  well  de¬ 
veloped,  and  were  accompanied  by  little  or  no  general  roughening  of  the 
specimen  surface,  as  is  illustrated  by  Fig.  16b.  At  pH  8.0  (Fig.  16c), 
there  was  severe  intergranular  penetration  at  almost  every  grain  boundary 
in  the  stressed  portion  of  the  specimens,  accompanied  by  some  general 
corrosion  of  the  surface.  In  fact,  the  mode  of  failure  at  pH  8.0  represents 
a  'borderline'  example  of  stress  corrosion  cracking,  and  is  more  probably 
an  example  of  intergranular  corrosion  accelerated  by  stress,  although 
the  distinction  between  the  two  is  admittedly  not  clear-cut.  The  cracking 
which  occurred  in  the  pH  range  6.0  -  7.5  is  definitely  stress  corrosion 
cracking  in  the  strictest  sense  of  the  term,  since  it  is  accompanied  by 
little  or  no  general  corrosion. 

Fig.  17,  which  is  a  general  view  of  the  region  of  failure  in  a 
specimen  exposed  to  a  solution  of  pH  7.1,  shows  the  'spidery'  appearance 
of  the  crack  systems,  which  always  originate  on  the  tension  side  of  the 
specimen. 

The  blue-black  CuzO  tarnish  was  observed  on  all  specimens 
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Fig.  16  Typical  stress  corrosion  cracking  of  brass  immersed  in 
coppe r -ammonia  solutions  (Cu  —  0.04M,  total  ammonia 
=  1.5M)  at  22.  5°C ;  a)  pH  5.0;  b)  pH  6.0  -  7.5;  c)  pH  8. 
Etchant:  5%  ale.  FeCl^;  X  175 


0 
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Fig.  17  Stress  corrosion  cracking  of  brass  in  copper-ammonia 
solution  (Cu  =  0.05M,  total  NH 3  -  1.5M,  pH  -  7.  1)  at 
24° C  ,  showing  main  crack  'system'  and  auxiliary  crack 
'systems',  all  originating  from  tension  side  of  U-bend 
specimen.  X  70 


Fig.  IS  Section  through  brass  specimen  partially  immersed  m 

coppe r -ammonia  cracking  solution  (pH  -  7.  1)  for  one  hour, 
showing  penetration  of  Cu^O  tarnish  into  brass.  X  750 
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listed  in  Table  IV  except  those  in  the  solutions  at  pH  5.00  (where  the 
specimens  had  a  copper  color  at  the  conclusion  of  the  test)  and  at  pH  5.50 
(where  the  surface  was  gold-colored). 

In  an  experiment  similar  to  the  one  performed  by  Forty  and 
Humble  a  polished  specimen  (lightly  etched  in  dilute  HNO^)  was 

partially  immersed  in  a  cracking  solution  of  pH  7.  1  for  one  hour.  Fig.  18 
is  a  photomicrograph  of  a  section  through  the  specimen  at  the  solution- 
air  interface;  (  a  pencil  line  showing  the  demarcation  line  between  the 
tarnish  surface  and  the  mounting  plastic  has  been  added  because  the 
contrast  between  the  dark-colored  tarnish  and  the  plastic  was  lost  in 
the  reproduction  process)  the  tarnish  penetrates  into  the  brass,  as 
Forty  and  Humble  demonstrated.  Microscopic  examination  of  this  and 
other  tarnished  specimens  showed  that  the  maximum  tarnish  thickness 
varied  from  1-5  microns. 

D.  Effect  of  Initial  Complex  Concentration 

The  cracking  time  increases  exponentially  with  a  decrease  in 
concentration  of  initial  copper(II) -ammine  complex,  as  shown  in  Fig.  19, 
which  is  a  plot  of  log  cracking  time  vs.  initial  concentration  of  dissolved 
copper,  at  pH  7.  1.  T  able  VI  lists  the  analytical  results  obtained  from 
duplicate  runs  corresponding  to  the  open  circles  in  Fig.  19.  These 
results  follow  a  similar  pattern  for  all  runs  in  which  some  dissolved 
copper  was  initially  present  in  the  solution;  there  was  a  decrease  in  the 


'  ■  •  ; 
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INITIAL  CONCENTRATION  OF  DISSOLVED  COPPER,  MOLAR 


Fig.  19  Effect  of  initial  concentration  of  dissolved  copper  on 

cracking  of  brass  in  1.5M  ammonia  solutions,  pH  7.1, 
at  22.5°C.  Solid  circles,  single  specimens;  open  circles, 
average  of  duplicate  runs 
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Table  VI 


Cracking  of  stressed  brass  in  solutions  containing 
varying  initial  amounts  of  dissolved  Cu,  1 . 5M  total  NIT 

Temp.  22.5°+  .  5°C. 


pH 

- - - 

Initial  Cu 

- _  Final 

C  r  a  r.k  i  n  a  t  i  m  <=» 

cone . ,  M 

Initial 

Blank 

Stressed  JUnstressed 

minutes 

0.040 

7.  10 

7.07 

6.98 

6.98 

78+3 

0.  033 

7.  10 

7.06 

6.99 

6.98 

100  +  25 

0.  026 

7.  10 

7.  05 

6.97 

6.95 

122  +  16 

0.018 

7.  10 

7.03 

6.93 

6.  90 

176  +  33 

0.000 

7.  10 

6.90 

6.  70 

6.76 

5000  +  440 

• 

Increase  in  concentration,  moles  ./liter 

Stressed 

Unstressed 

Cu 

Zn 

Cu 

Zn 

0.040 

0.  003 

0.  002 

0.  005 

0.002 

0.033 

0.  004 

0.003 

0.  005 

0.  003 

0.  026 

0.006 

0.  002 

0.  006 

0.  002 

0.018 

0.  004 

0.001 

0.004 

0.  002 

0.000 

0.017 

0.  007 

0.  004 

0.  002 

1 

Absorption.  Peak  and  Absorbance 

Initial 

F  mal 

Stre  s  sed 

Unstressed 

A 

A 

A 

A 

A 

A 

0.  040 

640 

1. 04 

645 

0.95 

645 

0.  92 

0.  033 

640 

0.96 

645 

0.  88 

645 

0.  78 

0.026 

640 

0.81 

645 

0.  75 

645 

0.  65 

0.018 

640 

0.  64 

650 

0.  52 

650 

0.45 

0.  000 

_ 

665 

0.49 

665 

0.  12 

nn 
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pH  of  the  solutions,  slightly  more  pronounced  in  the  solutions  containing 
the  unstressed  samples;  the  increase  of  total  dissolved  copper  and  zinc 
was  about  0.004M  and  0.002M,  respectively,  for  both  stressed  and  un¬ 
stressed  samples;  there  was  an  approximately  equal  increase  of  the 
wavelength  of  the  absorption  peak  in  all  solutions,  but  the  absorbance 
was  noticeably  greater  in  the  solutions  containing  stressed  samples. 

In  the  solutions  that  did  not  contain  any  dissolved  copper  at  the 
start  of  the  tests,  the  pH  decreased  more  in  the  solution  containing  the 
stressed  sample;  the  increase  in  total  dissolved  copper  and  zinc  was 
four  times  greater  for  the  stressed  sample,  as  was  the  absorbance  at 
the  wavelength  peak  in  the  final  solutions. 

It  should  also  be  noted  that  there  was  no  visible  tarnish  formation 
on  the  specimens  exposed  to  the  copper-free  solutions;  in  the  solutions 
that  initially  contained  copper,  the  tarnish  formation  appeared  to  be 
roughly  proportional  to  the  copper  content,  with  a  continuous  blue -black 
coloration  at  concentrations  above  0.03M. 

E.  Effect  of  Temperature 

The  effect  of  temperature  on  cracking  in  solutions  with  the  same 
initial  pH  and  copper  concentration  is  shown  in  Fig.  20.  The  scatter  in 
the  curve  for  solutions  of  pH  7 .  1  is  probably  due  to  poor  precision  in  the 
pH  measurements  for  this  set  of  runs  (because  of  a  fault  m  the  pH  meter, 
detected  later  on).  The  curve  for  pH  6.80  is  well-defined,  although  the 


*oqo 

■ 


160 

140 

120 

100 

80 

60 

40 

20 

0 


109 


Effect  of  temperature  on  cracking  of  bras*  in  copper - 
ammonia  solutions  (Cu=  0.04M,  total  ammonia  =  1 . 5M) . 
Open  circles,  pH  7.  1;  solid  circles,  pH  6.80 
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temperature  range  is  a  short  one,  since  the  volatilization  of  ammonia 
becomes  apparent  at  temperatures  above  65°C. 

In  Figs.  21  and  22,  log  rate  (where  rate  is  taken  as  the  recip¬ 
rocal  of  the  cracking  time)  vs.  the  reciprocal  of  the  absolute  temperature 
is  plotted  as  solid  circles  for  the  two  curves  from  Fig.  20.  The  curvature 

of  these  plots  shows  that  the  temperature  dependence  is  definitely  not 

(179) 

of  the  Arrhenius  type.  Nichols  and  Rostokerv  7  were  unable  to  obtain 
a  definite  temperature  dependence  over  the  range  17  -  75°C  because  of 
scatter  in  their  results;  however,  their  specimens  were  partially  immersed 
in  a  concentrated  ammonia  solution  which  had  ammonia  gas  and  air  bub¬ 
bling  through  it,  so  it  is  likely  that  their  scatter  was  caused  by  either 
pH  and/or  concentration  fluctuations. 

In  Figs.  21  and  22,  the  open  circles  represent  plots  of  rate 
(right-hand  ordinate)  vs.  1/T,  rather  than  log  rate  vs.  1/T.  This  plot 
shows  some  linearity  for  the  results  at  pH  6.80  (Fig.  22  ),  but  the  'fit* 
of  points  in  Fig.  21  is  very  poor.  The  lines  were  included  because 
Nichols  and  Rostoker^ 17<^  have  reported  a  linear  relation  for  l/tc 
(tc  =  cracking  time)  vs.  1/T  for  the  cracking  of  a  copper-beryllium 
alloy  in  ammonia  and  in  mercury,  although  they  did  not  offer  an  explana¬ 
tion  for  such  a  linear  dependence.  It  is  likely  that  the  apparent  linear 
dependence  is  fortuitous;  a  more  reasonable  explanation  for  the  curvature 
in  the  Arrhenius  plot  is  that  it  represents  a  gradual  transition  from  one 
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-Hig.  21  Log  rate  (log  1  /tc)  vs.  reciprocal  of  absolute  temperature 
(solid  circles),  and  rate  (l/tc)  vs.  1/T  for  cracking  of 
brass  in  copper -ammonia  solutions  ,  pH  7.  1 
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Fig.  22  Log  rate  (log  l/tc)  vs.  reciprocal  of  absolute  temperature 
(solid  circles) ,  and  rate  (1/^)  vs.  1/T  for  cracking  of 
brass  in  copper -ammonia  solutions,  pH  6.80 
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rate -controlling  step  to  another;  the  approximate  activation  energies 
calculated  by  drawing  tangents  to  the  curve  in  Fig.  22  were  11.5  kcals 
per  mole  at  20°C,  dropping  to  about  4  kcals /mole  at  45°C,  which  might 
imply  a  transition  to  diffusion  control  at  higher  temperatures,  although 
the  temperature  range  is  too  limited  to  draw  any  definite  conclusions. 

F.  Other  Cracking  Media 

The  stress  corrosion  cracking  of  brass  in  aqueous  media  con¬ 
taining  complexing  reagents  other  than  ammonia  was  demonstrated  by 
immersing  stressed  brass  strips  in  solutions  containing  tartrate  ions 
and  citrate  ions,  respectively. 

Fig.  23  shows  the  cracking  obtained  after  84  hours  immersion 
in  a  solution  containing  0.07M  Cu  and  0.6M  potassium  citrate  adjusted 
to  pH  10.3  with  Na2C03»  A  visible  spectrum  of  the  solution  showed 
strong  absorption  at  690  mji,  corresponding  to  the  presence  of  the  cop- 
per(II)-  citrate  complex.  Specimens  immersed  in  solutions  containing 
0. 04M  Cu  and  0. 2M  sodium  citrate  adjusted  to  pH  values  of  7. 2,  11.0 
and  12.9  with  KOH  did  not  develop  cracks  withing  38  days.  The  spectra 
of  these  solutions  showed  no  absorption  peaks  corresponding  to  the 
presence  of  the  copper  citrate  complex. 

Fig.  24a  shows  the  intergranular  stress  corrosion  cracking  of 
brass  after  31  days  immersion  in  a  solution  containing  0.04M  Cu  and 
0.  5M  potassium  tartrate  adjusted  to  pH  13. 0  with  KOH.  The  specimen 
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Fig.  23  Stress  corrosion  cracking  of  brass  immersed  in  copper 
citrate  solution  (Cu  ~  0.07M,  total  citrate  -  .  6M)  at 
pH  10.3,  25°C  .  Etchant:  5%  ale.  FeCl^;  X  175 


Fig.  24  Stress  corrosion  cracking  of  brass  immersed  in  copper- 
tartrate  solutions  at  25°C;  a)  Cu  =  0.04M,  total  tartrate 
—  .  5M,  pH  =  13. 0;  b)Cu-  0. 03M,  total  tartrate  =  0.4M, 
pH  =13.5.  Etchant:  5%  ale.  FeCl3;  X  175 


in  Fig.  24b  developed  cracks  after  500  hours  immersion  in  a  solution 
containing  0.03M  Cu  and  0.4M  potassium  tartrate  adjusted  to  pH  13.0 
with  KOH.  No  cracking  was  observed  in  specimens  immersed  for  38 
days  in  solutions  containing  0.  04M  Cu  and  0.6M  potassium  tartrate  at 
pH  values  of  6.0,  9.0  and  12.6.  As  with  the  spectra  of  the  citrate  solution 
the  spectra  of  the  tartrate  solutions  that  caused  cracking  showed  strong 
absorption  (in  the  wavelength  range  600  -  640  rry u)  corresponding  to  the 
formation  of  copper  tartrate  complexes. 

These  experiments  show  for  the  first  time  that  citrate  and 
tartrate  reagents  will  induce  stress  corrosion  cracking  in  brass,  and 
demonstrate  qualitatively,  at  least,  that  the  cracking  is  associated  with 
the  copper -citrate  and  copper -tartrate  complexes,  the  presence  of  which 
is  controlled  by  the  pH  of  the  solution  and  concentration  of  the  citrate 
and  tartrate  anions. 

3.  GENERAL  DISCUSSION 

The  main  features  of  the  stress  corrosion  cracking  of  70Cu- 
30Zn  alloy  under  the  testing  conditions  described  above  are: 

a)  Cracking  occurs  in  solutions  containing  copper-ammonia 
complexes  of  the  type  Cu(NH3)*t  The  most  rapid  (and  pre¬ 
dominantly  intercrystalline)  cracking  occurs  in  the  pH  range 
6.0  to  7.0,  whe  r e  h  i  s  about  1.5  to  3.0. 
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b)  In  solutions  containing >  0 .  03M  Cu,  in  the  pH  range  6.  0  - 
7.0,  the  cracking  is  preceded  by  the  formation  of  a  Cu^O 
tarnish  on  the  specimens.  This  tarnish  forms  within  a 
few  minutes  after  the  specimens  are  immersed  in  the 
testing  solution,  and  forms  just  as  quickly  on  unstressed 
specimens  exposed  to  similar  solutions.  The  tarnish  de¬ 
velops  within  the  metal,  not  as  a  deposit  on  the  surface,  and 
rarely  exceeds  one  to  five  microns  in  depth.  The  formation 
of  a  Cu^O  tarnish  (visible  to  the  naked  eye)  is  not  a  pre¬ 
requisite  to  cracking,  as  is  evidenced  by  the  failure  of 
untarnished  specimens  in  solutions  containing  less  than 
0.03M  Cu(NH2)^+,  and  in  solutions  of  pH  5.0  and  5.5. 

c)  The  crack  'system'  which  leads  to  ultimate  failure  of  the 
specimens  always  starts  on  the  tension  side  of  the  specimen 
at  a  point  on  the  U-bend  where  the  stresses  are  greatest. 
Microscopic  examination  of  the  specimens  after  the  tests 
showed  smaller  crack  'systems'  at  other  points  on  the  U- 
bend  (e.g.  Fig.  17).  The  main  crack  was  usually  the  only 
one  visible  to  the  naked  eye;  viewed  from  above,  it  appeared 
to  progress  in  short  bursts,  starting  from  one  edge  of  the 
specimen  and  propagating  towards  the  center,  although 

this  was  only  a  two-dimensional  observation.  It  was  always 
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easily  visible  in  tarnished  specimens,  since  it  exposed  the 
bright  yellow  surface  of  fresh  brass  beneath  the  tarnish, 
d)  In  the  pH  range  6.0  -  7.0,  the  chemical  reactions  between 
the  solution  and  the  brass  caused  a  decrease  in  the  bulk  pH 
of  the  solution,  this  decrease  being  greater  in  solutions  con¬ 
taining  unstressed  specimens.  At  the  same  time,  there  was 
little  or  no  general  dissolution  of  the  brass,  a  slight  shift 
(  <  five  n^i)  of  the  wavelength  of  the  absorption  peak  to¬ 
wards  higher  wavelengths;  the  absorbance  at  this  new  wave¬ 
length  was  gaie  rally  higher  for  the  solutions  containing  the 
stressed  samples. 

Before  outlining  the  proposed  mechanism  to  account  for  the 
above  observations,  some  attention  must  be  given  to  the  Pourbaix 
diagrams  (pH/potential  diagrams)  which  are  applicable  to  our  system. 
Mattsso/ii ^8)  in  the  original  work  on  the  pH  dependence  of  cracking  of 
brass,  was  the  first  to  propose  a  correlation  between  certain  features 
of  the  cracking  and  the  pH/potential  diagram  for  the  copper -ammonia- 
water  system.  In  his  Pourbaix  diagrams  the  stepwise  formation  of 
the  copper -ammine  complexes  was  ignored,  and  since  one  of  the  im¬ 
portant  features  of  the  present  investigation  is  the  correlation  of  rapid 
cracking  times  with  a  certain  ratio  of  ammonia  ligands  to  dissolved 
copper,  the  Pourbaix  diagrams  were  recalculated,  using  the  equations 
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and  constants  listed  in  Appendix  C.  Fig.  25  shows  the  domains  of 

predominance  of  solutes  in  the  homogeneous  system  Cu-NH  -H,0,  as 

3  2 

calculated  by  Matts son(Fig.  25a)  and  by  us  (Fig.  25b).  The  diagrams 
are  essentially  the  same,  except  for  the  addition  of  the  regions  of 
stability  of  the  intermediate  copper-ammine  complexes  in  Fig.  25b. 

In  Fig.  26,  the  stability  domains  of  the  solid  phases  Cu,  Cu20  and  CuO 
have  been  added.  The  domains  of  CU2O  and  CuO  as  shown  in  Mattsson's 
diagram  are  incorrect;  they  should  appear  far  to  the  right,  as  shown 
in  Fig.  26b.  The  apparent  reasons  for  this  error  are  discussed  in 
Appendix  C . 

It  was  natural  that  the  Pourbaix  diagram  drawn  up  by  Matts  son 

#  173\ 

should  be  accepted  by  others''  since  the  black  CU2O  tarnish  appears 
on  specimens  exposed  to  solutions  having  a  pH  corresponding  to  the 
stability  region  for  CuzO  as  shown  by  his  diagram.  It  is  important 
to  note,  however,  that  the  diagram  is  calculated  for  copper,  not  brass; 
pure  copper  does  not  form  a  tarnish  in  the  same  solutions  that  rapidly 
tarnish  brass.  This  was  verified  by  simultaneously  immersing  brass 
strips  and  high  purity  copper  strips  (cleaned  in  45%  HNO3)  in  a  copper- 
ammonia  solution  of  pH  6.90.  The  brass  developed  the  characteristic 
black  coloration  in  a  few  minutes,  while  the  copper  remained  untarnished. 

The  above  observations  do  not  negate  the  usefulness  of  pH/po¬ 
tential  diagrams  in  interpreting  the  reactions  accompanying  cracking, 
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Fig.  25  pH/potential  diagrams  for  the  homogeneous  system 

Cu-NH3-H20  (Cu=  0.05M,  total  ammonia  =  1.0M)  at 
25°C  ,  showing  the  domains  of  predominance  of  solutes, 
a)  after  Mattsson' ^  b)  present  work.  The  numbers 
correspond  to  each  author's  equations,  as  described 
in  Appendix  C 
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(a) 


(b) 


Fix.  26  pH/potential  diagrams  for  the  heterogeneous  system 
CU-NH3-H2O  as  in  previous  figure,  with  the  addition 
of  the  domains  of  solid  phases,  a)  after 

Mattssoiv  ,  b)  present  work 


but  they  point  out  the  fact  that  Pourbaix  diagrams  are  calculated  from 
thermodynamic  data,  on  the  basis  that  equilibrium  conditions  exist 
between  the  solids  and  solutes  involved  in  the  reaction,  and  so  must 
be  used  with  caution  when  applied  to  situations  where  equilibrium  con¬ 
ditions  are  not  established,  either  because  of  kinetic  limitations  or 
the  occurrence  of  irreversible  processes. 

The  fact  that  the  pH/potential  diagram  for  the  Zn-NH^-H^O 
system  must  also  be  considered  was  appreciated  by  Matt ss on, but  here 
too  his  diagram  appears  incorrect,  as  can  be  seen  by  comparing  Fig.  27a 
with  Fig.  27b. 

The  theoretical  considerations  involved  in  constructing  a 
pH/potential  diagram  for  an  alloy -NH3 -H^O  system  have  not  been 
fully  developed,  although  a  Pourbaix  diagram  for  the  system  brass-H^O, 
showing  the  approximate  corrosion  domains,  has  been  published.^  ' 

In  the  present  discussion,  as  in  Mattsson's  work,  the  copper  and  zinc 
diagrams  (Figs.  25  -  27  )  will  be  considered  simultaneously,  keeping 
in  mind  the  limitations  imposed  by  not  knowing  the  precise  diagram 
for  the  system  bras  s  -NH3 -H2O. 

The  main  theories  invoked  for  the  mechanisms  of  stress  cor¬ 
rosion  cracking  have  already  been  described  as  falling  into  two  groups, 
viz.  those  involving  a  purely  electrochemical  dissolution  which  proceeds 
rapidly  along  susceptible  paths,  and  those  in  which  the  electrochemical 
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Fig.  27  pH /potential  diagrams  for  the  heterogeneous  system 
Zn-NHrHzO  (total  ammonia  t.WQM)  at  25°c- 
a)  Zn-O.OIM,  after  Mattssony  b)  Zn  =  0.001M, 

present  work 
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stage  alternates  with  a  purely  mechanical  propagation  of  the  crack 
through  metal  that  is  locally  embrittled  by  chemical  means,  or  be¬ 
cause  of  short  range  ordering.  However,  the  surface  energy  mechanism, 
which  has  been  tentatively  proposed  in  recent  work,^84"18^  seems 
to  fit  the  present  observations  much  better  than  either  of  the  above 
theories.  As  a  result  of  the  present  work,  and  from  a  re-evaluation 
of  the  extensive  research  done  by  others,  it  is  proposed  that  a  surface 
energy  mechanism  accounts  for  the  intergranular  stress  corrosion 
cracking  of  alpha  brass  in  aqueous  ammonia  solutions,  and  that  the 
agent  responsible  for  the  pronounced  surface  energy  lowering  is  the 
copper(I)  -diammine  complex  CufNH^^j  the  cracking  time  represents 
the  time  needed  to  build  up  a  concentration  of  CuCNH^)^  (at  micro - 
crack  sites)  sufficient  to  provide  the  surface  energy  lowering  necessary 
to  satisfy  the  brittle  fracture  criterion. 

In  the  following  discussion,  evidence  will  be  presented  to 
support  this  hypothesis,  although  at  the  outset  it  is  admitted  that 
such  evidence  is  necessarily  indirect,  since  there  exists  as  yet  no 
method  capable  of  quantitatively  measuring  the  surface  tension  lowering 

r]- 

produced  by  the  adsorption  of  ionic  species  such  as  C^NH^)^  on  a 
polycrystalline  solid  alloy. 

The  most  obvious  problem  is  the  identity  of  the  surfactant 
responsible  for  the  surface  energy  lowering,  and  it  is  here  that  the 
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pH/potential  diagrams  provide  significant  information.  From 
Mattsson's  work  it  is  known  that  cracking  (in  a  solution  initially  con¬ 
taining  copper  and  ammonia)  occurs  over  the  pH  range  3.9  to  11.2; 
examination  of  Fig.  25  shows  that  the  only  solute  capable  of  existing 
over  this  entire  range  is  the  monovalent  copper -ammine  complex. 

From  our  own  closer  examination  of  the  pH  range  5  -  8,  it  appears 
that  'true'  stress  corrosion  cracking  occurs  over  the  limited  pH 
range  6.0  -  7.5;  again,  from  examination  of  the  pH/potential  diagrams 
we  see  that  this  corresponds  to  a  region  where  divalent  copper -ammine 
complexes  having  less  than  four  NH^  ligands  are  stable  (Fig.  25b), 
and  also  roughly  corresponds  to  the  region  where  soluble  zinc  is  not 
yet  appreciably  converted  to  a  zinc -ammine  complex. 

If  we  consider  a  copper-ammonia  solution  at  a  pH  of  6.4, 
for  example,  we  know  that  initially  all  of  the  dissolved  copper  is 
present  as  Cu(NH3)^;  if  pure  copper  or  pure  zinc  were  immersed  in 
this  solution,  each  metal  would  tend  to  establish  the  equilibrium  con¬ 
ditions  shown  in  Figs.  26b  and  27b,  respectively.  However,  because 
we  have  a  polycrystalline  material  consisting  of  asolid  solution  of 
these  two  elements,  the  situation  respresents  a  compromise  between 
the  two  diagrams;  further  complications  arise  if  we  consider  that  the 
surface  of  the  metal  presents  a  heterogeneous  array  of  point  defects, 
emergent  dislocation  lines,  stacking  faults  and  grain  boundaries,  in 


addition  to  the  copper  and  zinc  atoms;  and  finally,  we  must  consider 
the  fact  that  the  activities  of  the  two  elements  are  not  equal;  in  fact, 
the  activity  of  zinc  in  70Cu-30Zn  alloy  is  very  low. 

The  initial  reactions  at  the  bras s / solution  interface  in  the 
solution  of  pH  6.4  are 

j  | 

Zn  +  Z  Cu(NH3)2  =  Zn+++  Z  Cu(NH3)2  ...{A) 

and.  Cu  +  Cu(NH3)J+  =  Cu+  +  Cu(NH3)2  ...(B) 

If  enough  free  ammonia  were  present  at  the  interface,  the 
cuprous  ion  produced  in  reaction  (B)  would  also  be  expected  to  form 
a  complex;  however,  in  the  presence  of  water  the  solubility  product 
of  Cu20  is  soon  exceeded,  and  Cu20  is  formed  in  the  brass  according 
to  the  reaction 

Cu+  +  1/Z  HzO  =  1/Z  Cu20  +  H+  ...(C) 

This  reaction  accounts  for  the  pH  decrease  observed  in  the  test 
solutions,  and  also  accounts  for  the  tarnish  formation;  however,  the 
stability  of  the  Cu20  is  not  predicted  by  Fig.  Z6b.  This  apparent 
anomaly  can  be  explained  if  one  remembers  that  the  tarnish  does  not 
form  on  pure  copper  and  that  the  tarnish  does  not  build  up  on  the  sur¬ 
face  of  the  brass  (both  of  which  are  in  agreement  with  the  pH/potential 
diagram).  Now  consider  the  line  separating  the  regions-  of  stability  of 
Cu.(NH3)2  and  Cu20  as  shown  in  Fig.  Z6b.  The  equation  for  this  line 
(Equation  17,  Appendix  C)  is; 


126 


[  C  u(  NH  3 }  2  ] 

pH  =  10.03  -  log  - - -  ...(D) 

[NH3]2 

It  can  be  seen  that  the  ratio  in  the  log  term  must  be  greater  than  109 
if  Cu20  is  to  exist  (under  equilibrium  conditions)  at  pH  6.4.  Since 
the  bulk  concentration  of  free  NH3  is  abou#t  10 “4M  at  this  pH,  either 
the  concentration  of  C  ufNH^)^  at  the  metal/ solution  interface  must  be 
greater  than  10”4M,  or  the  concentration  of  free  NH3  must  be  reduced 
correspondingly  to  make  the  ratio  greater  than  10^. 

Since  the  black  tarnish  develops  rapidly  in  brass,  but  not  in 
copper,  it  is  assumed  that  reaction  (A)  contributes  primarily  to  a  local 
increase  in  the  concentration  of  Cu{NH3)2.  In  fact,  subsequent  con¬ 
siderations  show  that  the  formation  of  the  black  Cu^O  tarnish  is  a  side 
reaction  only,  which  affects  the  cracking  time  only  insofar  as  reaction 

(C)  produces  a  local  concentration  of  H+  that  can'strip'  the  complexes 

+ 

of  their  NH3  groups  to  form  NH^ 


H+  +  NH3 

NH4  <PKNH4+  =  9-6U) 

.  .  .  (E) 

by  such  reactions  as 

Cu(NH3)2+  +  H+ 

=  Cu(NH3)++  +NH4 

...(E) 

or  Cu(NH3)2  +  2H 

=  Cu+  +  2NH* 

.  .  .  (F1) 

The  overall  reaction  (B)+  (C)+  (E)  is 

Cu  +  Cu(NH3)4+  +  HzO  =  CuzO  +•  Z  NH4  (Ag0=-8.58  kcals/mole) 

.  .  .  (G) 


<1 
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which  shows  the  Cu^O  formation,  without  production  of  Cu(NH^2 
complexes.  The  latter  complex  must  be  formed  primarily  by  reaction 
(A)  in  order  to  satisfy  the  conditions  for  the  stability  of  the  CU2O  as 
set  out  in  equation  (D). 

d  he  source  of  oxygen  for  the  CU2O  may  be  either  a  strongly 
adsorbed  water  layer  or  the  solvation  sheath  of  the  complex  ions; 
the  tarnishing  reaction  appeared  to  be  independent  of  dissolved  oxygen 
concentration  during  the  tests  listed  in  Table  III;  also,  Miller  and 
Lawless*4  " i  found  the  oxidation  of  pure  copper  in  copper  sulfate 
solutions  to  be  independent  of  the  dissolved  oxygen  content,  and  pro  ¬ 
posed  a.  reaction  similar  to  reaction  (C). 

The  mode  of  cracking  in  the  pH  range  6.0  -  7.5  is  predom¬ 
inantly  intergranular;  in  order  to  explain  the  apparent  affinity  of  the 
adsorbing  species  for  the  grain  boundaries,  or  more  correctly,  to 
explain  why  the  reaction  leading  to  the  production  of  the  adsorbing 
species  occurs  more  readily  at  the  grain  boundaries,  we  must  con¬ 
sider  the  alloy  composition  there. 

The  surface  energies  of  solid  copper  and  solid  zinc  are  not 
known  precisely  (Taylor4 *^8)  gives  values  of  580  ergs/cm2  and  365 
ergs /cm2  respectively)  but  it  is  generally  known  that  the  surface 

f  189]) 

energy  of  copper  is  much  greater  than  zinc.  Speiser  and  Spretnakl 
have  shown  theoretically  that  in  a  binary  alloy  the  component  with  the 
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lower  surface  tension  will  be  positively  adsorbed  at  the  grain  boundary, 
i.e.  ,  in  70Cu-30Zn  there  should  be  an  excess  of  zinc  at  the  grain 
boundary  interfaces. 

Considering  reactions  (A)  and  (B),  we  note  that  from 
Figs.  26b  and  27b,  the  potential  for  the  oxidation  of  zinc  lies  well 
below  the  potential  for  the  oxidation  of  copper;  this  is  equivalent  to 
saying  that  the  free  energy  of  formation  of  the  zinc  ion  is  much  greater 
than  the  free  energy  of  formation  of  the  CufN^)*  complex  i.  e.  , 

AGZnaq  =  -3  5.  18  kcals/ mole,  A  Gq  u(nh^)2  =  "  15*  54  kcals/mole 
(  = -7. 7 1  kcads /mole) ;  so  that  we  would  expect  reaction  (A) 

to  be  favored;  in  addition,  if  an  excess  of  zinc  were  present  at  the 
grain  boundaries,  one  would  expect  the  reaction  to  proceed  more 
rapidly  there.  However,  the  low  activity  of  zinc  in  brass  would  have 
a  counterbalancing  effect;  these  two  facts  taken  together  explain  the 
reason  for  the  dependence  of  cracking  time  on  zinc  content  (as 
originally  suggested  by  Speiser  and  Spr etnak^ . 

One  additional  factor  considered  important  in  the  explanation 
of  the  rapidity  of  the  production  of  ions  in  the  pH  range 

6.0  -  7.0  is  the  relative  configuration  of  the  reactant  and  product 
molecules  inovlved.  Reaction  (A)  involves  only  an  electron  transfer 
from  the  zinc  atoms  to  the  copper  complexes  , and  no  addition  or  trans¬ 
fer  of  NH3  ligands;  however,  at  higher  pH  values,  the  reacting 
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complex  will  contain  more  NH^  ligands  which  it  must  lose  in  con¬ 
verting  to  the  monovalent  complex;  it  is  intuitive  that  the  activation 
energy  will  be  lower  for  the  reaction  where  the  configurations  of  the 
reactants  and  products  are  most  nearly  similar,  since  the  formation 
of  an  intermediate  activated  complex  (complex,  in  this  sense,  refers 
to  the  'activated  state'  which  is  a  fundamental  postulate  of  the  theory 
of  absolute  reaction  rates)  will  be  facilitated. 

The  kinetics  of  the  reaction  leading  to  the  formation  of 

Cu(NH3)2  at  grain  boundaries  is  definitely  related  to  the  initial  con- 

44. 

centration  of  Cu(NH3)n  ,  as  shown  in  Fig.  19  ;  a  quantitative  deter¬ 
mination  of  the  rate  of  buildup  of  Cu(NH3)2  is  difficult,  if  not  impos¬ 
sible,  because 

a)  it  is  the  concentration  of  Cu(NH3)2  at  the  grain  boundaries, 
not  in  the  bulk  solution,  that  is  important 

b)  some  dissolution  of  copper  from  the  brass  occurs;  this 

means  that  the  observed  change  in  total  dissolved  copper 
concentration  is  not  quantitatively  related  to  the  pro¬ 
duction  of  Cu(NH3)2  by  reaction  with  zinc  atoms 

c)  the  change  in  bulk  zinc  concentration  is  at  or  below  the 

limit  of  sensitivity  of  the  analytical  method. 

In  spite  of  these  difficulties,  we  can  get  some  idea  of  the 
order  of  the  reaction  if  we  consider  that  the  cracking  time  represents 
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the  time  needed  for  the  development  of  a  critical  concentration  of 
Cu(NH^) J  ,  or  in  other  words,  represents  the  time  tc  needed  for  a 
certain  fraction  ,  c ,  of  the  initial  Cu(NH^)n  to  react  to  produce  a 
critical  concentration  ( 1  —  c)  of  C^NH^)^  .  If  we  then  assume  that 
the  rate  expression  is  of  the  simple  form 

dx/ dt  =  k(a  -  x)n  .  .  .  (H) 

(where  n=  order  of  reaction,  a  =  initial  concentration  of  reactant, 
x=  amount  of  reactant  decomposed  at  time  t,  k  =  rate  constant),  the 
dependence  of  the  fractional  life  period  on  the  initial  concentration 

i  (190) 

is  given  by: 

tc  =  f(n,k)/  a11-1  ...(J) 

where  f  is  some  function  of  n,  k  ,  and  is  constant  for  a  given  reaction 
at  constant  temperature.  In  logarithmic  form,  eqation  (J)  becomes 

log  tc  =  log  f  -  (n  -  1)  log  a  ...  (K) 

so  a  plot  of  log  tc  vs.  log  a  should  be  linear  (if  the  rate  expression 
conforms  to  equation  (H))  with  a  slope  of  1-n.  Fig.  28  is  a  plot  of 
log  tc  (tc  is  cracking  time)  vs.  log  a  (where  a  =  initial  dissolved  cop¬ 
per  concentration),  using  the  data  of  Fig.  19.  Over  the  concentration 
range  0.002M  to  0.05M,  the  points  correspond  fairly  well  to  a  line 
with  a  slope  of  minus  one,  which  suggests  a  second  order  reaction. 
Reaction  (A)  is  termolecular  as  written,  but  if  the  concentration  of 
zinc  were  assumed  to  be  constant,  the  reaction  could  be  considered 
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INITIAL  CONCENTRATION  OF  DISSOLVED  COPPER,  MOLAR 


28  Effect  of  initial  concentration  of  dissolved  copper  on 
cracking  of  brass  in  1.5M  ammonia  solutions,  pH  7.1, 
at  22.  5°C .  Solid  circles,  single  specimens;  open  circles, 

average  of  duplicate  runs 


to  be  pseudo -bimolecular ,  in  agreement  with  the  observed  apparent 
order.  Although  many  reactions  involving  solid  surfaces  exhibit 
pseudo -molecularity  because  of  the  high  activity  of  surface  sites, 
the  asaimption  of  constant  zinc  concentration  may  be  unwarranted  in 
view  of  the  generally  low  activity  of  zinc  in  brass,  and  also  in  view 
of  the  fact  that  zinc  atoms  at  grain  boundaries  will  present  a  non- 
uniform  distribution  of  'active  sites'  for  the  reacting  molecules. 

But  even  with  these  limitations  in  mind,  the  strong  concentration 
dependence  of  the  cracking  time  certainly  agrees  qualitatively  v/ith 
the  proposed  theory. 

Implicit  in  the  discussion  of  kinetics  is  the  assumption  that 
the  observed  cracking  time  is  made  up  of  two  stages,  a  slow  initiation 
period  during  which  the  necessary  concentration  of  surfactant  is  pro¬ 
duced,  and  a  very  rapid  (compared  with  the  initiation  period)  crack 
propagation  step.  This  assumption  finds  precedence  in  other  stress 
corrosion  systems  (as  was  pointed  out  in  the  literature  review)  and 

(19 

has  been  recently  verified  for  the  bras s -ammonia  system  by  Booker. 

So  far  we  have  limited  the  discussion  to  the  rapid  inter¬ 
granular  cracking  exemplified  by  a  solution  of  pH  6.4,  now  let  us 
consider  two  other  pH  'regions',  choosing  solutions  of  pH  8.0  and 


5.0  as  examples: 
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At  pH  8.0,  the  initial  possible  reactions  are 
Zn  +  2  Cu(NH3>4  +  =  Zn(NH3)4+  +  2  Cu(NH3)3  .  .  .  (L) 

Cu  +  Cu(NH3>4+  =  2  Cu(NH3>2  .  .  .  (M) 

The  free  energy  of  formation  of  Zn(NH3)++  is  -73.45  kcals/mole, 
so  that  the  dissolution  of  zinc  is  clearly  favored;  however,  because  of 
the  higher  concentration  of  free  NH3  at  this  pH,  reaction  (M)  also  takes 
place,  resulting  in  the  added  dissolution  of  copper,  and  the  overall  result 
is  an  increase  in  the  general  corrosion  rate,  with  localized  intergranular 
attack,  as  shown  by  the  photomicrograph  in  Fig.  16c,  and  by  the  polar- 
ographic  analyses  in  Table  IV.  It  is  proposed  that  this  generally  intens¬ 
ified  corrosion  in  the  presence  of  stress  reduces  the  probability  of  any 
one  grain  boundary  site  becoming  the  site  for  crack  initiation.  Consequently, 
the  distinction  between  intergranular  corrosion  and  intergranular  stress 
corrosion  cracking  is  not  straightforward  at  this  pH,  so  that  failure  of 
the  specimen  could  occur  by  either  mechanism. 

At  pH  5.0,  consideration  of  the  Pourbaix  diagrams  shows  that 
the  possible  reactions  are 

Zn  +  2Cu+++4NH3=  Zn++ +  2  Cu(NH3)3  .  .  .  (N) 

Cu  +  Cu+++4NH3  =  2  Cu{NH3>2  .  .  .  (P) 

The  supply  of  NH3  for  these  reactions  would  have  to  come  mainly 
from  the  ionization  of  NIT^,  which  would  result  in  a  pH  decrease  in 
solution;  however,  a  pH  increase  was  actually  observed,  and  this 
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suggests  that  the  cathodic  reduction  of  oxygen,  i.e. 
Oz  +  2H20  =  4  e~  +4  OH" 


—  (Q) 


might  be  important,  especially  since  the  oxygen  could  act  as  an  electron 
acceptor  in  the  oxidation  of  metallic  copper  to  the  cuprous  state,  after 
which  it  would  combine  with  ammonia  to  form  the  Cu(NH3)£  complex. 

At  this  point  we  should  consider  another  solution  in  which  no 

Cu(NH3)++ was  initially  present,  viz.  the  solution  at  pH  7.  1  with  zero 

initial  copper  concentration,  listed  in  Table  VI.  Here,  as  in  the 

solution  of  pH  5.0,  the  cracking  time  is  relatively  long  (of  the  order 

of  5000  minutes),  and  since  no  oxidizing  agent  (such  as  Cu(NH3)^+)  is 

present  initially,  the  first  steps  of  the  reaction  are  undoubtedly  influenced 

(182) 

by  the  oxygen  concentration.  Lu  and  Graydon'  '  have  shown  that  the 
dissolution  of  pure  copper  in  air- saturated  ammonia  solutions  is  auto- 
catalytic,  and  apparently  of  zero  order  in  the  early  stages,  which  means 
that  the  reduction  of  oxygen  is  important  only  insofar  as  it  produces  the 
initial  amount  of  Cu(NH3)2  or  Cu(NH3)n.  The  overafl  reaction,  there¬ 
fore,  cannot  be  represented  by  the  equations 


2  Cu  +  8  NH3+  02  +  2  H20  =  2  Cu(NH3)4  +  4  OH" 

2  Zn  +  8  NH3  +  Oz  +  2  HzO  =  2  Zn(NH3)J++4  OH" 

,  ^  (189)(191)(193)(194) 

as  has  been  suggested  by  several  authors, 


...(R) 
. .  .  (S) 

since 


according  to  these  reactions  an  increase  in  solution  pH  should  be  observed, 
and  in  actual  fact  a  slight  decrease  was  found.  The  sequence  of 


reactions  under  conditions  of  zero  initial  dissolved  copper  could  be! 

a)  general  dissolution  of  copper  and  zinc,  and  subsequent 
combination  with  NH3  to  form  the  divalent  copper  and  zinc 
complexes  appropriate  to  the  pH  of  the  solution; 

b)  reaction  of  the  C^NH^)"^  complex  with  the  zinc  at  suitable 
reaction  sites  to  produce  Cu(NH3)2. 

Alternately,  the  sequence  could  be: 

a)  general  dissolution  of  copper  and  zinc,  producing  divalent 
zinc-ammine  complexes  and  monovalent  copper-ammine 
complexes  at  the  bras  s  -  solution  interface; 

b)  surface  diffusion  of  the  monovalent  copper  complexes  to 
suitable  adsorption  sites. 

The  available  evidence  does  not  distinguish  between  these  sequences, 
but  either  one  will  produce  the  same  end  result. 

In  the  preceding  discussion  we  have  made  reference  to  the 
polar ographic  and  pH  measurements  given  in  Tables  IV  and  VI;  there 
are  two  other  items  in  these  tables  (and  Table  V)  that  should  be  discussed 

The  first  concerns  the  results  of  the  absorbance  measurements 
on  test  solutions.  The  chief  value  of  the  spectra  was  the  unequivocal 
correlation  of  the  number  of  NH3  ligands  per  copper  atom  (initially 
present  in  solution)  with  the  cracking  time.  The  spectra  run  on  solutions 
at  the  conclusion  of  each  test  provided  corroboration  for  the  observed  pH 
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and/or  concentration  changes,  only  if  such  changes  were  very  pronounced. 
For  example,  the  absorption  peak  wavelengths  in  Table  V  did  not  show 
any  significant  shift  because  the  bulk  properties  of  the  solutions  did  not 
change  appreciably  during  the  reaction,  whereas  in  Table  VI  there  are 
definite  wavelength  shifts  of  5  -  10  ny*  (cor  re  sponding  to  a  0 .  1  -0.2 
decrease  in  n,  according  to  Fig.  15).  A  decrease  in  n  can  be  caused  by 

a)  an  increase  in  dissolved  copper  concentration,  ie.  ,  more 
copper  atoms  are  present  to  share  the  same  number  of 
NH3  ligands; 

b)  an  increase  in  dissolved  zinc  concentration  (if  the  pH  is 
greater  than  6.8),  i.e.,  zinc  atoms  must  also  share  the 
available  NH3  ligands; 

c)  a  decrease  in  pH  which  means  less  NH3  is  available  for 
complexing; 

d)  less  NH3  being  available  for  divalent  complex  formation 
because  of  a  transfer  of  NH3  ligands  to  the  colorless  mono¬ 
valent  copper  -ammine  complex. 

ith  these  four  possibilities  in  mind,,  one  can  see  that  the 
wavelength  changes  for  each  test  must  be  considered  individually,  if 
this  is  done,  there  is  a  general  qualitative  agreement  with  the  pH  and/or 


concentration  changes. 
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The  other  item  in  the  analytical  results  is  the  difference  be¬ 
tween  final  measurements  on  solutions  containing  stressed  and  unstressed 
specimens.  There  are  two  general  conclusions  that  can  be  made:  First, 
the  overall  effect  of  stress  is  to  increase  any  general  dissolution  which 
may  occur.  This  effect  is  clearly  shown  in  the  solution  of  pH  8.0 
(Table  IV)  and  in  the  solution  with  zero  initial  copper  concentration 
(Table  VI).  Second,  any  effect  which  stress  may  have  on  the  specific 
dissolution  of  one  species  (e.g.  ,  zinc  at  grain  boundaries)is  not  revealed 
by  a  change  in  the  bulk  properties  of  the  solution  (under  our  testing 
conditions),  within  the  limits  of  the  analytical  methods  used.  Therefore 
it  is  assumed  that  the  observed  differences  (between  stressed  and 
unstressed  samples)  in  pH  and  absorbance  (amounting  to  only  1  -  2%) 
for  solutionskiri  the  pH  range  6.0  -  7.3  (Tables  IV  and  V)  are  caused 
by  the  generally  increased  activity  of  the  stressed  specimen. 

In  proposing  the  surface  energy  mechanism  for  the  cracking 
of  brass,  we  have  used  the  term  'micro-crack'  sites  when  referring 
to  the  initiation  of  cracks.  This  was  used  for  convenience  only,  and 
is  not  meant  to  imply  the  existence  of  wedge-shaped  defects  in  the  un¬ 
stressed  metal,  but  was  meant  to  describe  those  locations  on  the  sur¬ 
face  of  a  metal  where  locally  intensified  corrosion  can  provid  a  'notch' 
or1  slot1  in  which  the  surfactant  molecules  are  particularly  effective. 

For  alpha  brass  exposed  to  copper-ammonia  solutions  in  the  pH  range  6-7, 
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reaction  (A)  satisfies  both  conditions,  i,e.  ,  it  can  produce  a  notch  at 
the  grain  boundaries  by  chemical  dissolution  of  zinc  atoms,  and  at  the 
same  time  produce  the  adsorbing  species,  Cu(NH^. 

One  of  the  chief  shortcomings  of  the  many  proposed  mechanisms 
for  the  cracking  of  brass  is  the  lack  of  an  explanation  for  the  nature  of 
the  reagents  which  cause  cracking.  If  the  surface  energy  mechanism  is 
operative,  then  there  should  be  other  reagents  which  could  satisfy  the 
two  conditions  mentioned  in  the  previous  paragraph.  The  meagre  infor¬ 
mation  given  by  Bobylev' described  in  the  literature  review, 

Section  3B,  suggests  that  there  are  other  complexing  reagents  that  will 
produce  cracking.  Our  own  results  have  shown  that  cracking  can  be 
produced  in  citrate  and  tartrate  solutions,  and  that  the  cracking  time 
shows  some  pH  dependence. 


SUMMARY  AND  CONCLUSIONS 


A  study  of  the  surface  chemistry  of  the  stress  corrosion 
cracking  of  alpha  brass  in  gaseous  and  aqueous  environments  gave 
the  following  main  results: 

1)  The  reaction  involved  aqueous  ionic  species,  and  there¬ 
fore  was  not  amenable  to  study  in  the  gas  phase. 

Z)  In  aqueous  copper -ammonia  solutions,  the  type  of  crack¬ 
ing  and  cracking  time  were  strongly  pH  dependent;  'true; 
rapid  intergranular  stress  corrosion  cracking  occurred 
over  the  pH  range  6.0  -  7.0. 

3)  The  cracking  in  the  pH  range  6.0  -  7.0  was  correlated 
with  n  ,  the  average  number  of  ammonia  ligands  per  coppe 
atom  originally  present  in  solution  as  the  divalent  copper- 
ammine  complex  Cu(NH3)*+.  Cracking  was  most  rapid 
for  n  =1 . 5  -  3.0. 

4)  The  intergranular  cracking  time  was  independent  of  dis¬ 
solved  oxygen  in  copper -ammonia  solutions  at  pH-7.  1. 

5)  The  cracking  time  in  copper -ammonia  solutions  initially 
containing  0.002  -  0.05M  dissolved  copper  increased  ex¬ 
ponentially  with  decreasing  copper  concentration. 
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6)  The  black  tarnish,  characteristic  of  many  specimens  under¬ 
going  stress  corrosion  cracking,  was  definitely  identified 

as  CU2O.  Its  occurrence  was  not  a  pre-requisite  for 
cracking. 

7)  The  temperature  dependence  of  the  cracking  of  brass  in 
copper-ammonia  solutions  of  pH  6.8  and  7.1  did  not  con¬ 
form  to  the  Arrhenius  equation. 

8)  Intergranular  stress  corrosion  cracking  of  brass  was  pro¬ 
duced  in  solutions  containing  coppe r -citrate  complexes 
and  copper -tartrate  complexes. 

The  pH/potential  diagrams  for  the  systems  Cu-NH^-^O  and 
Zn-NH3-H20  were  recalculated,  showing  the  errors  in  previously 
published  diagrams  for  these  systems. 

As  a  result  of  this  work,  a  surface  energy  mechanism  for  the 
stress  corrosion  cracking  of  alpha  brass  has  been  postulated.  In  sum¬ 
mary,  it  is  proposed  that  the  specific  adsorption  of  the  copperfl) -diam- 
mine  complex  at  grain  boundaries  produces  a  lowering  of  surface 
energy,  which,  in  combination  with  the  applied  tensile  stress,  allows 
the  propagation  of  a  brittle  crack  which  continues  until  the  stress  is 
relieved  by  relaxation.  The  initiation  and  re -initiation  of  the  cracks 
are  caused  by  the  reduction  of  copper {II) -ammonia  complexes  (and 
the  concomitant  oxidation  of  zinc)  at  grain  boundaries.  The  reaction 
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is  especially  favored  over  the  pH  range  6.0  -  7.0  because  of  the  ease 
of  formation  of  the  monovalent  complex. 

Wherever  possible,  the  relevant  observations  of  previous 
authors  have  been  commented  on,  in  the  light  of  the  proposed  mechanism. 
A  complete  discussion  of  all  of  the  ramifications  of  the  theory  (par¬ 
ticularly  those  related  to  metallurgical  factors)  is  beyond  the  scope 
of  this  thesis;  the  main  outcome  of  the  present  work  was  the  proposal 
of  the  surface  energy  mechanism  in  order  to  account  for  the  effect  of 
the  chemical  variables  under  the  described  testing  conditions. 
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APPENDIX  A 

DESCRIPTION  OF  MAJOR  VACUUM  SYS  TEM  COMPONENTS 
(Notation  refers  to  Figs.  4  and  8  ) 


P^  Rotary  Vacuum  Pump 

P ^  Oil  Fractionation  Pump 

P^  Rotary  Vacuum  Pump 

G^  and  G3  Thermocouple 
Gauge  Tubes 

G2  Ionization  Gauge  Tube 

Control  Unit  for  G^,  G2  and  G 
L.D.  Leak  Detector 


-  Cenco  Hyvac,  Model  14 

-  1.05  liters/sec  capacity  at 
1  micron  Hg 

-  Consolidated  Vacuum  Corp.  , 

Model  GF -25 

-  three-stage,  all-glass,  water- 
cooled  fractionation  type,  using 
Octoil  -S 

-  25  liters /sec  pumping  speed 

-  Cenco  Hyvac,  Model  7 

-  .  525  liters/sec  capacity 
at  1  micron  Hg 

-  Veeco  Type  DV-1M 

-  Veeco  Type  RG-75 

-  inverted  Bayard-Alpert  gauge 
with  thoria- coated  iridium  filament 

-  Veeco  Type  RG31-A 

-  Edwards  Palladium  Barrier 
Leak  Detector,  Model  LT4A 

-  Type  P.L.2  gauge  head 


■  f  '*» 


APPENDIX  b 


CALCULATION  OF  n,  THE  AVERAGE  LIGAND  NUMBER 
The  stepwise  formation  of  a  complex  species  MLn  formed  in 
solution  from  a  metal  ion  M  and  a  ligand  L  is  represented  by  the 
equilibrium  reaction 


ML,,  i  +L  =MLn  ...(A) 

One  of  the  methods  for  the  determination  of  the  equilibrium  constants 
for  such  reactions  makes  use  of  the  average  ligand  number  h,  which 
is  given  by 

CL  " 

n  = - - -  ...(B) 

UM 


where  C^  and  C  ^  are  the  total  concentrations  of  ligand  and  metal  ion 
in  the  system,  and  [  L  ]  is  the  concentration  of  free  ligand.  The  calcu- 


.(178) 


lation  of  n  in  metal-NH^-H^O  systems  is  taken  from  Bjerrum: 


For  a  solution  of  copper  ions  in  an  ammoniacal  salt  solution,  equation 


(B)  become  s 


cNh3  -  [nh3] 


n 


C 


...(C) 


Cu 


Here,  C~  =  stoichiometric  concentration  of  dissolved  copper,  C,TTJ. 

Cu  iNJ:13 

stoichiometric  concentration  of  NH^  added  as  ammonium  hydroxide, 
and  NH3  =  concentration  of  free  ammonia,  which  can  be  calculated 


from  the  equation 


[NHj]  kNH+ 


[NH4] 

[H  +  ] 


...(D) 
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where 


2.43  x  10~10, 


is  the  acid  dissociation  constant  of  the 


ammonium  ion,  [NH4]  is  the  stoichiometric  concentration  of  the 
ammonium  salt,  and  [  H+  ]  is  the  hydrogen  ion  concentration.  In  the 
solutions  used  in  the  present  work,  known  amounts  of  copper  sulfate 
solution  and  ammonium  sulfate  solution  were  mixed  together,  and  the 
pH  adjusted  to  the  desired  value  by  additions  of  a  standardized  NH^OH 
solution  from  a  burette.  The  value  of  n  was  then  calculated  by  substit¬ 
uting  the  proper  values  in  equations  (C)  and  (D)  above. 
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APPENDIX  C 

CONSTRUCTION  OF  pH/POTENT IAL  DIAGRAMS 


The  principles  involved  in  the  construction  of  pH/potential 

diagrams  for  metal/water  systems  and  some  ternary  systems  have  been 

( 195)(  196) 

developed  by  Pourbaix  and  co-workers.  Briefly,  all  the 

various  equilibria  which  occur  in  aqueous  solution  are  written  to  conform 
to  the  general  equation 


aA  +  mH+  +  ne  =  bB  +  cH_,0 


...  (A) 


For  reactions  without  oxidation,  reaction  (A)  is  written  (with  all  terms 


collected  to  one  side)  as 


.+ 


aA  +  bB  +  ctFO  +  mH  =  0 

2 


...(B) 

For  this  reaction,  the  relation  between  pH  and  concentration  of  reactants 


and  products  is  given  by 


a  log  [A]  +  b  log  [B]  =  log  K  +  m  pH 


..  .(C) 


where  the  square  brackets  denote  concentration  (more  exactly,  activity) 


of  A  and  B,  and  the  equilibrium  constant  K  is  given  by 

1  no  K=  _  2VU° 
log  jx  - 


.  .  .  (D) 


or 


log  K 


a^A  +  bp°B  +  cpVq  +  yH+ 

1363  Z 


...(D) 


where  V  =  stoichiometric  coefficient  (given  the  proper  sign)  and 


ji,°  =  standard  molar  chemical  potential  at  25°  C. 
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For  reactions  with  oxidation,  reaction  (A)  is  written  as 


aA  +  bB  +  cH^O  +  mH  +  ne"  —  0 


•  (E) 


and  the  relationship  between  pH,  potential  and  concentration  of  substances 


is  given  by 


0  0591 

pH  +  -  (a  log  [A]  +  b  log  [  B]  ) 


(F) 


where  the  standard  potential  E°  is 


ZVU° 


E°  =  23,060  n 


(G) 


or  E 


o 


an°A  +  bH-B  +  c^°  +  mH»H+ 


p  n  2 

23,060  n 


The  following  conventions  are  observed  when  plotting  K  vs.  PH  and 
E  vs# pH  for  equations  (C)  and  (F): 


1)  For  reactions  without  oxidation,  the  coefficients  a  and  m  are 
taken  as  positive,  making  b  and  £  negative.  The  substance  A 
is  thus  the  more  basic  of  the  compounds  involved,  and  appears 
to  the  right  in  the  diagram. 

2)  For  reactions  wdth  oxidation,  a  and  n  are  taken  as  being 
positive,  so  that  substance  A  is  the  more  highly  oxidized  of 
the  compounds  involved,  and  thus  appears  above  substance  B 
in  the  diagram. 

The  values  of  E°,  p°  and  the  equilibrium  constants  used  in  the 


construction  of  our  diagrams  are  given  in  Table  VII;  they  do  not  differ 


significantly  from  those  used  by  Mattsson^^^  . 


. 


161 


Table  VII 

Constants  used  in  pH/Potential  Equations 
1)  Oxidation  Potentials  (IUPAC  Convention) 


Reference 


~  ++ 
Cu 

+ 

2e  ~ 

=  Cu 

E° 

=  + 0. 337V 

n  **" 
Cu 

+ 

e  " 

=  Cu 

E° 

=  +0.521V 

Cu++ 

+ 

e  ‘ 

II 

O 

£ 

+ 

E° 

=  +0.  153V 

Zn++ 

+ 

2e  " 

—  Zn 

E° 

=  -0.763V 

r 


2)  Equilibrium  Constants 


[  MLn  ] 


Pn  = 

[M]  [L]n 

Complex 

log  Pn 

Cu(NH3)+ 

5.93 

Cu(NH3)2+ 

10.86 

Cu(NH3)++ 

4.  18 

Cu(NH3)2++ 

7.71 

Cu(NH3)3++ 

10.63 

Cu(NH3)4++ 

12.79 

Zn(NH3)3++ 

7.28 

Zn(NH3)4++ 

9.42 

pKNH+  =  9.164  @ 

22°C  (2MNH 

(197) 


(198) 


(178) 
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Table  Vll(cont'd) 

3)  Molar  standard  chemical  potentials,  kcals  @  Z5°C. 


Sub  stance 

State 

21 

Reference 

H  + 

aq 

0 

nh3 

aq 

-6.36 

NH  + 

aq 

-  19.00 

Cu 

aq 

+  12.01 

Cu++ 

aq 

+  15.53 

Cu 

Solid 

-30.4 

>  (197) 

Cuz° 

Solid 

-34.98 

Cu 

Solid 

0 

Zn 

Solid 

0 

<7  +  + 

Zn 

aq 

-35.  184 

ZnO 

Solid 

-76.05 

j 

Cu(NH3)  + 

aq 

-  2.45 

Cu(NH3)2 

aq 

-  15. 54 

Cu(NH3)++ 

aq 

+  3.47 

Cu(NH3)2++ 

aq 

-  7.71 

Calculated  from 

Cu(NH3)*+ 

aq 

-  18.05 

equilibrium  constants 

Cu(NH3)4  + 

aq 

-27.36 

Zn(NH3)3++ 

aq 

-64.20 

Zn(NH3)^  + 

aq 

-73.48 
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The  following  chemical  reactions  and  corresponding  pH/potential 
equations  were  used  in  constructing  Figs.  25b  ,  26b  and  27b.  (The 
equation  numbers  correspond  to  the  numbers  on  the  lines  in  the  "bM 
diagrams): 

1)  Cu++  +  e”  =  Cu  + 

E  =  0.153  +  0.0591  log  [Cu++]/[Cu+] 

2)  Cu++  +  NH4+  +  e“  =  Cu(NH3)+  +  H+ 

E  =  -0.044  +  0.0591  pH  +  0.0591  log  [NH*]  +  0.0591  log 

[Cu++]/[Cu (NH3) +] 

3)  Cu++  +  2NH4+  +  e"  =  Cu(NH3)2+  +  2H+ 

E  =  -0.301  +  0 . 118pH  +  0.118  log  [NH4+]  +  0.0591  log 

[Cu++/[Cu(NH3) 2+] 

4)  Cu(NH3)++  +  H+  =  Cu++  +  NH4+ 

pH  =  5.09  -  log  [NH4+]  +  log  [Cu (NH3) ++]/[Cu++] 

5)  Cu(NH3)2++  +  H+  =  Cu(NH3)++  +  NH4  + 

pH  =  5.74  -  log  [NH4+]  +  log  [Cu (NH3) 2++]/[Cu (NH3) ++] 

6)  Cu(NH3)3++  +  H+  =  Cu(NH3)2++  +  NH4+ 

pH  =  6.35  -  log  [NH4+]  +  log  [Cu (NH3) 3++]/[Cu (NH3) 2++] 

7)  Cu(NH3)4++  +  H+  =  Cu(NH3)3++  +  NH4+ 

pH  =  7.11  -  log  [NH4+]  +  log  [cu (NH3) 4++/[Cu (NH3) 3++] 

8)  Cu(NH3)++  +  e“  +  NH4+  =  Cu(NH3)  J  +  H+ 

E  =  0.0591  pH  +  0.0591  log  [NH4+3  +  0.0591  log  [Cu(NH3)++]/ 

[Cu(NH3) 2+] 


1 


, 
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9)  Cu(NH3)2++  +  e“  =  Cu(NH3)2  + 

E  =  0.340  +  0 .0591  log  [Cu (NH3) 2++]/[Cu (NH3) 2+] 

10)  Cu(NH3)3++  +  e"  =  Cu(NH3)2+  +  NH4+ 

E  =  0.715  -  0.0591  pH  -  0.0591  log  [NH4+]  +  0.0591  log 

[Cu (NH3) 3++]/[Cu (NH3) 2+] 

11)  Cu(NH3)4++  +  e"  +  2H+  =  Cu(NH3)2+  +  2NH4+ 

E  =  1.135  -  0.118  pH  -  0.118  log  [NH4+]  +  0.0591  log 

[Cu(NH3)4++]/[Cu(NH3) 2+] 

12)  Cu(NH3)+  +  H+  =  Cu+  +  NH4  + 

pH  =  3.33  +  log  [Cu (NH3) +]/[Cu+]  -  log  [NH4+] 

13)  Cu(NH3)2+  +  H+  =  Cu(NH3)+  +  NH4+ 

pH  =  4.34  -  log  [NH4+]  +  log  [Cu (NH3) 2+]/[Cu (NH  ) +] 

14)  Cu++  +  2e~  =  Cu 

E  =  0.337  +  0.0295  log  [Cu++] 

15)  Cu(NH3)2+  +  2H+  +  e"  =  Cu  +  2NH4+ 

E  =  0.972  -  0.118  pH  -  0.118  log  [NH4+]  +  0.0591  log 

[Cu(NH3) 2+] 

16)  CuO  +  4NH3  +  2H+  =  Cu(NH3)4++  +  H20 

pH  =  10.35  +  2  log  [NH3]  -  0.5  log  [Cu(NH3)4++] 

17)  Cu20  +  4NH3  +  2H+  =  2Cu(NH3)2+  +  H20 

pH  =  10.03  +  2  log  [NH3]  -  log  [Cu(NH3)2+] 

18)  CuO  +  2NH3  +  2H+  +  e”  =  Cu(NH3)2+  +  H20 

E  =  1.262  -  0.118  pH  +  0.118  log  [NH3]  -  0.0591  log 

[Cu(NH3)  2  +  ] 
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19)  2CuO  +  2H+  +  2e~  =  Cu20  +  H20 

E  =  0.669  -  0.0591  pH 

20)  Zn++  +  2e”  =  Zn 

E  =  -0.763  +  0.0295  log  [Zn++] 

21)  Zn(NH3)3++  +  3H+  =  Zn++  +  3NH4+ 

pH  =  6.83  +  0.333  log  [Zn (NH3) 3++]/[Zn++]  -  log  [NH4+] 

22)  Zn(NH3)4++  +  H+  =  Zn(NH3)3++  +  NH4+ 

pH  =  7.13  -  log  [NH4+]  +  log  [Zn (NH3) 4++]/[Zn (NH3) 3++] 

23)  Zn(NH3)3++  +  3H+  +  2e“  =  Zn  +  3NH4+ 

E  =  -0.156  -  0.089  pH  -  0.089  log  [NH4+]  +  0.0295  log 

[Zn(NH3) 3++] 

24)  Zn(NH3)4++  +  4H+  +  2e~  =  Zn  +  4NH4+ 

E  =  0.055  -  0.118  pH  -  0.118  log  [NH4+]  +  0.0295  log 

[Zn(NH3)4++] 

The  lines  represented  by  equations  (1)  -  (24)  were  plotted  by 
substituting  the  following  concentrations  in  the  appropriate  equations:- 
0.05M  total  dissolved  copper,  0.001M  total  dissolved  zinc,  and  1.0M 
total  dissolved  ammonia  (NH^  plus  NH4).  Figs.  25a,  26a  and  27a  are 
taken  from  Mattssan's  paper;  the  numbered  lines  correspond  to  his 
equations.  The  important  differences  between  his  and  our  diagrams 
ar  e : 

a)  We  have  modified  Fig.  25a  to  show  the  stepwise  addition  of  NH3 

ligands  (our  equations  4,5,6,7,12  and  13);  Matlsson's  diagram  is  not 
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incorrect  in  this  respect,  but  does  not  clearly  show  the  important 
regions  where  intermediate  complexes  are  stable. 

b)  In  Fig.  26a,  Mattsson  shows  a  region  of  stability  for  the  solid 
phase  Cu(SO^)q  23(OH)^  ^ .  This  precipitate  did  not  form  in  our 
test  solutions,  so  it  is  not  included  in  Fig.  26b. 

c)  Fig.  26a  shows  a  stability  region  for  Cu20  which  is  incorrectly 
located.  Mattsson's  equation  15  was  written  as 

0.5Cu2O  +  2NH4  =  CufNH^J  +  H++0.5H2O  ...(H) 

It  is  clear  from  the  general  equation  (A)  given  at  the 
beginning  of  this  appendix  that  his  equation  does  not  conform  to  the 
conventions  used  in  constructing  these  diagrams  ,  since  his  equation  has 
both  hydrogen  ions  and  water  on  the  same  side  of  the  equation,  when 
they  should  appear  on  opposite  sides,  i.e.  with  stoichiometric  coef¬ 
ficients  of  opposite  sign.  The  equation  is  properly  written  as 

CuzO  +4NH3  +  2H+  =  2Cu(NH3)3  +  HzO  .  .  .  (J) 

which  is  our  equation  (17).  Then,  according  to  convention,  Cu20  is 
more  basic  than  Cu(NH3)3  and  should  appear  to  the  right  of  Cu(NH3)  + 
as  shown  in  Fig.  26b.  Reaction  (J)  can  also  be  justified  as  taking 
precedence  over  reaction  (H)  on  thermodynamic  grounds,  since  the 
free  energy  change  for  reaction  (J)  is  -27.4  kcals/mole  compared  with 
-23.2  kcals/mole  for  reaction  (H).  This  latter  figure  is  calculated 


after  rewriting  (H)  as 
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2Cu(NH3)2  +  2H*+ 2H  O  =  Cu20  +  4NH* 
in  order  to  make  the  stoichiometry  equal  to  (J) ,  and  to  conform 
with  the  convention  in  which  the  coefficient  of  the  hydrogen  ion  is 
taken  as  being  positive  (reaction  (H)  as  written  has  a  positive  free 
energy  change). 

d)  The  region  shown  for  the  stability  of  CuO  in  Fig.  26a  is  also 

incorrect,  for  the  same  reasons  as  discussed  above.  Mattsson’s 
equation  (11)  is 

CuO  +4NH*  =  Cu(NH3)^++  2H+  +  HzO  .  .  .  (K) 

and,  if  written  in  the  reverse  order  to  give  it  a  negative  free  energy 
change,  becomes, 

Cu(NH3)4+  +  2H+  +  HzO  =  CuO  +  4NH*  ...(Kr) 

The  correct  equation,  shown  as  line  16  in  Fig.  26b  is 

CuO  +  4NH3  +  2H  +  =  Cu(NH3)^  +  + HzO  ...(F) 

Here,  too,  a  comparison  of  the  free  energies  of  the  reactions  shows 
that  (L)  is  favored  over  (K')  (-28.2  kcals/mole  vs  -22.4  kcals/mole, 
respectively).  Halpern'^®)  has  published  a  diagram  of  the  Cu-NH3-H20 
system  in  which  the  CuO  region  is  located  far  to  the  right  as  we  have 
shown  in  Fig.  26b  ;  his  diagram  is  calculated  for  dissolved  copper  con- 
centrations  of  10  °M,  so  the  absolute  positions  of  the  lines  are 
different  from  ours,  but  the  relative  position  of  the  CuO  and  Cu(NH.^ 


is  in  accordance  with  our  calculations. 
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e)  Finally,  in  Fig.  27a  ,  the  region  of  stability  of  Zn(OH)  is  incor- 
rectly  predicted,  again  for  the  same  reasons  as  discussed  before. 
Mattsson's  equation  (19)  is 

Zn(OH)2+4NH4  =  ZnfNH^J*"  +  2H++2HzO  .  .  .  (M) 

which  has  a  free  energy  change  of  21.74  kcals/mole;  the  correct 
equation  is 

Zn(OH) 2  +  4NH3  +  2H+  =  Zn(NH3)+  +  +  2HzO  .  .  .  (N) 

which,  is  not  shown  in  Fig.  27b  because  the  line  separating  the 
Zn(OH)2/Zn(NH3)^+  regions  occurs  at  a  pH  of  13. 

Incidentally  it  should  be  pointed  out  that  the  stepwise  formation 
of  the  zinc-ammine  complexes  is  not  ignored  in  Fig.  27b  ,  but  the  uptake 
of  the  first  three  NH3  ligands  occurs  over  such  a  narrow  pH  range  that 
the  separate  region  s  could  not  be  shown  on  the  pH  scale  used.  For  this 
reason,  only  line  21  is  included  in  the  diagram. 


